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Acid  rain,  giobai  warming,  ozone  depietion,  and  amog... 

On  September  21-25, 1992,  acientiata  and  engineera  wiii  meet  in  Cambridge  Univeraity 
to  diacuaa  the  appiication  of  piaama  technoiogiea  to  the  aoiution  of  theae  aerioua 
environmentai  poiiiition  probiema. 


Cambridge  University,  Engiand  September  21  -25, 1 992 


Introduction  ^  coexisting  pollutants. 

In  devices  such  as  plasma  torches,  the  plasma  is 

Add  rain,  global  warming,  ozone  depletion,  and  “  ®PP**®^  indisoimi- 

smog  are  preeminent  environmental  problems  fadng  componmts  of  the  waste.  In  the  non- 

the  world  today.  Non-thermal  plasma  techniques  offer  ‘^'ermal  plasnur  approa^  the  non-equilibrium  prop¬ 
an  innovative  approach  to  the  cost-effective  solution  of  «ties  of  the  pla^  an  fulty  exploited.  These  plasmas 
these  problems.  Many  potential  applications  of  non-  "®  ch^aderized  by  high  electron  temperature^  whUe 
thermal  plasnuis  to  air  poUution  control  have  already  ^ gasremains at  n^ amUent  temperature  and  pres- 
been  demonstrated.  On  Sept.  21-25, 199^  leading  ex-  ^®  ®"«By  “  preferentially  to  the  unde- 

perts  from  academia,  government  laboratcnes  and  in-  “®^*®  that  are  often  pre^t  in  very  small 

concentrations.  These  techmques  utilize  the  dissoda- 

Acid  rain,  global  warming,  ozon.  dapla- 

tion,  and  amog...  Non-tharmal  piaama  For  many  applications,  particularly  in  the  removal  of 
tachniquaa  offar  an  innovativa  approach  gaseous  pollutants,  the  non-drermal  plasma  approach 
to  tho  coat-affectivo  aoiution  of  thaaa  would  be  most  appropriate  because  of  its  high  energy 

probloma.  effidency  and  its  capability  for  the  simultaneous  re- 

*  moval  of  various  poQutants.  For  others,  indudittg  many 


dustry  will  meet  in  Cambridge  University,  England,  to  .... 

discuss  laboratcxy  studies  and  industrial  implementa-  Th®  l^®y  f  ©  SUCCOSS  In  tha  non-tharmal 
tions  of  non-thermal  plasmas  for  the  abatement  of  plasma  approach  l8  tO  produca  a  dls- 
hazardous  gaseous  wastes.  charga  in  Which  the  majority  of  the  elec- 

Nitrogen  oxides  (NOj  and  sulfur  dioxide  (SOj),  trical  energy  goss  Into  the  production  of 

pr^u^  primaflybycod+uriung  p^^^  wwrgeUc  electrons,  ratherthan  Info  gas 

automobile  exhaust  are  rruijorcontnbutcxs  to  aad  ram.  , _ 

Carbon  dioxide,  rdeased  in  large  quantities  when  fossil  neaiing. 

fuels  like  coal,  oil  and  ruitural  gas  are  burned,  is  the  - 

biggest  contributor  to  the  accumulating  greenhouse  mixed  waste  dreamy  the  best  approach  might  be  to  use 
shield.  Volatile  organic  compounds  (VOCs),  such  as  a  thermal  plasma  to  indnerate  the  complete  waste, 
chlorofluorocarbons  (CFCs)  and  halons,  have  been  mduding  its  container,  and  to  use  a  non-dwrmal  plasma 
widdy  used  in  air-conditioning,  refrigeration  and  aero-  reactor  to  dean  the  off-gases, 
sol  products,  and  are  present  in  fumes  given  off  by  The  key  to  success  in  the  non-thermal  plasma 

gasc^ne,  paints,  and  degreasing  agents.  They  are  used  ^proadi  is  to  produce  a  discharge  in  whidi  the  m^or- 
by  the  electronics  industry  as  deaning  agents  and  by  ity  of  the  electrical  energy  goes  into  the  production  of 
the  chemical  industry  in  the  numufacture^  foam  prod-  — 

ucts.  VOCs  are  the  main  threat  to  the  ozone  layer,  and  ABOUT  THIS  WORKSHOP 
contribute  to  chemicals  that  could  lead  to  global  warm-  PREFACE  by 

ing.  S<x>t  partides  and  hydrocarbons  emitted  by  cars 
and  trucks  are  leading  contributors  to  smog  poUution.  Bemie  M.  Penetrante 

WeU-understood  conventional  technologies  do  exist  Lawrence  Livermore  National  Laboratory 
for  the  treatment  of  some  of  these  toxic  gases,  but  they  L-437, 7000  East  Avenue 

have  practical  limitations  imposed  by  cost,  energy  re-  Uvermore,  California  94550  USA 

quirements  and  by-prcxiiuct  dispo^.  Ncm-thermal  Phone:  510-42i-9745 
plasnui  techrucfues  (Mex  the  advantages  of  energy  effi-  fgx:  510-423^238 

dency  and  the  capabUity  for  the  simultaneous  removal  — 
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energetic  electrons,  rather  than  into  gas  heating.  Even 
though  the  electrons  are  short-lived  in  atmospheric- 
pressure  dischaigesy  and  rarely  cdlide  with  a  pollutant 

The  efficiency  of  the  approach  arisea 
from  the  fact  that  the  radicals  (produced 
by  the  coliiaione  of  these  electrons  with 
the  background  gas)  have  long  lifetimes 
and  react  selectively  with  the  contami¬ 
nant  molecules. 

molecule,  they  undergo  many  collisions  with  the  domi¬ 
nant  nitrogen,  oxygen  and  water  molecules.  The  effi¬ 
ciency  of  the  approach  arises  from  the  fact  that  the 
radicals  (product  by  the  coUisicms  of  these  electrons 
with  the  l»ckground  gas)  have  long  lifetimes  and  react 

The  object  is  to  make  acid  rain  in  the  flue 
gas  instead  of  in  the  atmosphere. 

selectively  with  the  contaminant  molecules.  For  ex¬ 
ample,  in  a  t)rpical  implication  to  flue  gas  cleanup,  these 
electrons  pr^uce  r^icalsy  such  as  O  and  OH,  through 
the  dissociation  or  ionization  of  molecules  such  as  H^O 
or  Oj.  The  object  is  to  make  add  rain  in  the  flue  gas 
instead  of  in  the  atmosphere.  The  radicals  diffuse 
through  the  gas  and  preferentially  oxidize  the  nitrogen 
oxides  and  sulfur  oxides  to  form  adds  that  can  then  be 
easily  neutralized  to  fwm  non-toxic,  easily-coUectible 
(and  commerdally  salable)  compoimds. 

Non-thermal  plasmas  can  be  created  in  essen¬ 
tially  two  different  ways:  by  electron-beam  irradiation, 
and  by  electrical  discharges. 

Electron-Beam  Irradiation 


From  the  results  obtained  by  basic  stud¬ 
ies  and  pilot-plant  tests  that  have  been 
done  in  Japan,  Germany,  Poland,  and  the 
USA,  the  process  is  considered  to  have 
an  excellent  potential  for  the  simulta¬ 
neous  removal  of  NO/50,  without  pro¬ 
ducing  the  reaction  end  waste  products 
encountered  in  conventional  absorption 
treatment 

Electron-beam  irradiation  has  been  proven  to  be 
an  effective  method  for  removing  nitrogen  oxides  and 
sulfur  dioxide  in  flue  gases  fix»n  industrial  plants  such 
as  power  stations  and  steel  plants.  In  this  method,  the 


energy  of  the  electron  beam  is  used  directly  to  dissoci¬ 
ate  and  ionize  the  background  gas.  During  the  ioniza¬ 
tion  by  the  beam,  a  shower  of  secondary  electrons  is 
produced,  which  further  produce  a  casc^e  of  ioniza¬ 
tion  and  dissodaticMi.  This  cascading  effect  produces  a 
large  volume  of  plasma  that  can  be  used  to  initiate  the 
conversions  of  and  SO^  to  aerosols  that  can  be 
collected  by  electrostatic  preapitators  cv  by  bag  filters. 
From  the  results  obtained  by  basic  studies  and  pilot- 
plant  tests  that  have  been  done  in  Japan,  Germany, 
Poland,  and  the  USA,  the  process  is  considered  to  have 
an  excellent  potential  for  the  simultaneous  ronoval  of 

Three  advanced  pilot  plant  tests  are  now 
being  conducted  for  electron-beam  treat¬ 
ment  of  flue  gas  In  Japan. 

NO^/SOj  without  producing  the  reaction  end  waste 
products  encountered  in  conventional  absorpticm  treat¬ 
ment.  In  Japaiv  the  development  of  this  process  has 
been  a  result  of  the  joint  effort  since  1970  by  the  Ebara 
Corporaticm  (Kawamura  et  al.  1972),  the  Japan  Atomic 
Energy  Researdr  Institute  (Toktmaga  et  al.  1984),  and 
Nippon  Sted.  In  the  USA,  the  evaluation  of  this  process 
has  been  conducted  by  the  Ebara  Enviroiunental  Cor¬ 
poration  (Frardc  et  al.  1990)  and  Research-Cottrell 
(Helfritch  et  al.  1984),  with  support  from  the  US  Depart¬ 
ment  of  Energy.  In  Germany,  pilot-plant  studies  have 
been  performed  at  the  Nudear  Research  Center,  the 
Universily  of  Karlsruhe,  and  Badenwerk  (Willibald  et 
al.  1990)  (Platzer  et  al.  1990)  Qordan  1990).  In  Poland,  a 
demonstration  fadlity  has  been  in  operation  at  the 
Institute  of  Nudear  Chemistry  and  Technology  in 
Warsaw.  In  Russia,  several  programs  on  dectron-beam 
irradiation  of  due  gases  are  underway  in  Moscow  at  the 
Institute  of  Chemical  Physics  (Shvedchikov  et  al.  1988) 

...testing  is  being  done  to  optimize ... 
exhaust  gas  treatment  system  in  a  ve¬ 
hicle  tunnel  under  Tokyo  Bay. 

and  the  Kurchatov  Institute  of  Atomic  Energy 
(Barandticov  et  al.  1992). 

Three  advaiKed  pilot  plant  tests  are  now  being 
conduded  for  electron-beam  treatment  of  flue  gas  in 
Japan  (Maezawa  et  al.  1992).  At  the  Ebara  Corporatirat 
reUarch  facility  in  Fujisawa,  the  dectron-beam  process 
is  being  fine  tuned  for  commerdal  use,  and  testing  is 
beir^  performed  on  incinerator  gases  and  diesel  truck 
exhaust  gases.  At  the  Chubu  Electric  Plant  facility  in 
Nagoya,  the  installation  has  its  own  boiler  and  can 
adjust  the  pollutant  concentration  of  the  flow  gas,  with 
studies  focused  on  process  optimization,  equipment 
reliability,  and  by-product  handling.  At  the  Tokyo 
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Metropolitan  tunnel  facility,  testing  is  being  done  to 
optimize  a  high-flow,  low-NO^-concentration  exhaust 
gas  treatment  system  in  a  vehicle  tunnel  under  Tokyo 
Bay.  In  addition,  the  gases  are  analyzed  for  other  hy- 

Electron-beam  irradiation  is  now  aiso 
being  appiied  to  the  treatment  of ...  voia- 
tiie  organic  compounds. 

drocarbons  to  determine  the  effects  of  the  electron- 
beam  process  on  unbumed  hydrocarbons.  Electron- 
beam  irradiation  is  now  also  being  applied  to  the  treat¬ 
ment  of  other  types  of  hazardous  emissions.  In  Ger¬ 
many,  experiments  are  being  conducted  in  Karlsruhe 
(Paur  19%)  and  by  Asea  Brown  Boveri  in  Heidelberg 
(Esrom  et  al.  1992),  to  determine  the  removal  efficien¬ 
cies  and  energy  consumption  of  dectron-beanr-induoed 
cleaning  of  dUute  emissions  of  volatile  organic  com¬ 
pounds. 

The  high  capital  cost  of  accelerators  and  x-ray 
hazard  associated  with  electron-beam  pollution  con¬ 
trol  systems  have  motivated  studies  into  alternate 
plaana-based  technologies  sudi  as  those  utilizing  elec¬ 
trical  discharges.  Electrical  dtscharges  can  be  produced 
in  nuiny  different  formsy  depending  on  the  gerxnetry  of 
the  reactor  and  the  electrical  power  supply.  Many 
reactor  designs  use  electrodes,  such  as  small  diameter 
wires,  needles  or  sharp  edged  metals,  that  promote 
strong  electric  fields.  The  reactors  are  driven  by  direct 
current  (DC),  alternating  current  (AQ,  or  pulsed  power 
sources. 

Pulsed  Corona 

One  type  of  discharge  reactor  that  has  ^wn  very 
promising  results  is  the  pulsed  corona  reactor.  The 
industrial  implementation  of  this  reactor  has  the  ad- 

By  driving  the  reactor  with  very  short 
pulses  of  high  voltage,  short-lived  dis¬ 
charge  plasmas  are  created  which  con¬ 
sist  of  energetic  electrons... 

vantage  of  low  retrofit  cost  since  it  can  use  the  same 
wire-plate  electrode  arrangement  as  in  electrostatic 
precipitators.  Precipitators  are  commonly  used  for  cc4- 

Because  of  the  short  lifetime  of  the  dis¬ 
charge,  electrical  power  is  not  dissipated 
in  the ...  heating  of  the  gas ... 

lecting  particulate  emissions  in  the  utility,  iron/ steel, 
paper  manufacturing,  and  cement  and  ore-processing 


induces.  By  driving  the  reactor  with  very  short  pulses 
of  high  voltage,  short-lived  discharge  plaanas  are  cre¬ 
ated  that  consist  of  energetic  electrons,  which  in  turn 
produce  the  radicals  responsible  for  the  decomposition 
of  the  toxic  molecules,  ^cause  of  the  short  lifetime  of 
the  discharge,  electrical  power  is  not  dissipated  in  the 
movement  of  ion^  thus  avoiding  heating  of  the  gas  and 
providing  good  energy  efficiency.  Puls^  corona  reac¬ 
tors  have  been  shown,  bofir  in  lai^atcny  and  industrial 
scale,  to  be  very  effective  in  the  removaJ  of  many  types 
of  gaseous  pollutants. 

In  Japan,  experiments  deme  in  1981  at  the  Univer¬ 
sity  of  Td^o  investigated  the  possibility  of  enhancing 
the  poUutwt  remov^  efficiency  of  the  electron-beam 
method  by  applying  an  electhc  field  to  regenerate 

A  study  was  recently  commissioned  by 
the  Japanese  Ministry  of  international 
Trade  and  Industry...  The  committee 
concluded  that  the  method  deserves 
development  as  the  next  generation 


technology  for  the  removal  of  SO,  and 


energetic  dectrons  in  the  plasma  (Masuda  et  al.  1981). 
It  was  found  that  pulsed  electric  fields  could  be  very 
effective  when  a  corona  discharge  was  created,  even 
when  the  electrem  beam  was  switdred  off.  Subsequent 
tests  at  Masuda  Research  were  perfcxrmed  in  an  incin¬ 
eration  plant  to  apply  this  technique  to  the  removal  of 
other  pollutants  sudi  as  mercury  vapour  (Masuda  et  al. 
1987),  Recently,  experiments  conducted  by 
Ishikawajima  Harima  Heavy  Industries  Co.  and 
Toyohashi  University  ofTedinoiogy,  q^plied  ttie  pulsed 
corona  method  to  the  removal  of  Xylene  for  fire^  fruit 
and  vegetable  storage  (Kamase  et  al.  1991).  A  study  was 
recently  commissioned  by  the  Japanese  Ministry  of 
International  Trade  and  Industry  to  perform  technical 
and  economic  assessments  of  the  pulsed  corona  pro- 

Industrial-scale  experiments  on  the  use 
of  pulsed  corona  for  the  simultaneous 
removal  of  NO,  and  SO,  from  flue  gas 
have  been  performed ...  by  the  Italian 
National  Electricity  Board  (ENEL) ...  at 
the  coal-burning  power  station  in 
Marghera 

cess  for  utility  boilers.  The  committee  concluded  that 
the  method  deserves  development  as  the  next  genera¬ 
tion  technology  for  the  removal  of  SO^  and  NO^  and 
estimated  its  costs  to  be  25%  lower  than  that  of  the  best 
existing  technology. 
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Industrial-scale  experiments  on  the  use  of  pulsed 
corona  for  the  simultaneous  removal  of  NO  and  SO 
from  flue  gas  have  been  performed  in  Italy,  ifie  cote  a 
this  project  is  a  series  of  experiments  carried  out  by  the 
Italian  National  Electricity  Board  (ENEL),  in  ctdlabcxa- 
ticnr  with  the  University  of  Padova,  at  the  coal-burning 
power  station  in  Maighera  near  Venice  (ENEL  1988) 
(Dinelli  et  al.  1990) .  The  ENEL  tests  have  become  the 
basis  for  the  assessment  of  the  electrical  technology 
requirements  of  the  pulsed  corona  process  for  applica¬ 
tions  to  flue  gas  cleanup  in  actual  power  plants.  The 
ENEL  work  has  now  evolved  into  a  joint  European 
Economic  Corrununity  (EEC)  project,  with  participa¬ 
tion  from  Eindhoven  University  of  Tedinology  in  the 
Netheriands  and  AEA  Tedmology  in  the  UK. 

In  the  USA,  laboratory  experiments  were  ccm- 
ducted  at  Florida  State  University  since  1983  ttiat  dem¬ 
onstrated  the  simultaneous  removal  of  SO,  NO,  and  fly 
a^  frxMn  effluent  gases  using  the  pulsed  corona  method 


In  the  USA,  laboratory  experiments... 
demonstrated  the  simultaneous  removal 
of  SO,,  NO,  and  fly  ash  from  effluent 
gases  using  the  pulsed  corona  method .. 
...  destruction  of  volatile  organic  com¬ 
pounds  ...  decomposition  of  hydrogen 
sulfide ... 


(Cements  etal.  1989).  This  work  was  supported  in  part 
by  the  US  Department  of  Energy.  The  Research  Tri¬ 
angle  Institute  has  applied  the  prd^  cxxona  tiKttiod  to 
the  destruction  of  volatile  organic  compounds 
(Yamamoto  et  al.  1992).  This  program  was  started  in 
1988  under  a  US  Envirorunental  Protection  Agency 
cooperative  agreement  and  has  also  been  support  by 
the  US  Navy.  Complete  destruction  was  obtained  for 
toluene,  arul  high  conversions  were  achieved  for  meth¬ 
ylene  chloride  and  trichlorotrifluoroethane  (CFC-113). 
ReseardvCottrril  has  applied  tfie  pulsed  corona  method 
to  the  decomposition  of  hydrogen  sulfide  (HjS) 
(Helfiitch  1991).  HjS  is  a  toxic  by-product  of  several 
industrial  processes,  including  petroleum  refining, 
dyeing,  synthetic  rubber,  viscose  rayon,  and  leather- 
treating  operations.  Researdiers  at  Lawrence  Livermore 
Nation^  Laboratory  have  been  conducting  experiments 
on  the  use  of  puls^-power-driven  plasma  devices  to 
reduce  the  relative  concentrations  of  nitrogen  oxides 
and  volatile  oiganic  compounds  from  various  types  of 
industrial  processes. 

Silent  Discharge 

In  silent  discharge  reactors,  AC  high  voltages  are 
applied  between  electrodes^  one  or  bo^  of  which  are 


Silent  discharge  processing  is  a  very 
mature  technology,  first  investigated  by 
Siemens  in  the  1850’e  for  the  production 
of  ozone ...  for  applications  such  as 
water  purification ... 


covered  with  a  thin  dielectric  layer,  such  as  glass.  Silent 
discharges  are  also  referred  to  as  dielectric  barrier 
discharges.  The  geometry  is  coixunonly  either  planar 
(parallel  plates)  or  cylindrical  (coaxial  tubes).  Configu- 
ratioits  like  those  used  in  corona  discharges  are  also 
used  in  which  one  of  the  electrcxles  (e.g.  a  wire)  is 
highly  stressed,  and  the  outer  electrode  is  a  metal  foil 
wra]^>ed  around  a  glass  tube.  Silent  discharge  process¬ 
ing  is  a  very  mature  technology,  first  investigated  by 
Semens  in  the  1850's  for  the  prcxluction  of  ozone.  It  is 
now  routinely  used  to  produce  very  large  cpiantities  of 
ozone  for  applications  such  as  water  purification,  and 
the  bleaching  of  textile  and  pulp. 

Whereas  in  the  pulsed  corona  methcxl  the  tran¬ 
sient  behavior  of  the  (riasma  is  contrived  by  flie  applied 
voltage  pulse,  the  plasma  that  takes  place  in  a  alent 
disch^e  self-extinguishes  when  charge  build-up  on 
the  dielectric  layer  ^uces  the  Icxal  electric  field.  For 
some  applicationfiy  this  feature  presents  an  advantage 
for  the  silent  discharge  approach  ance  simpler  electri¬ 
cal  power  supplies  can  be  used.  In  some  cases,  how¬ 
ever,  the  efficiency  of  the  sUent  discharge  reactor  is 
improved  agnificantly  by  applying  high-repetiticm- 
rate  voltage  pitlses  in  a  manner  similar  to  fliat  in  pulsed 
cororui  reactors. 

At  Southern  Illinois  University,  the  plasma-as¬ 
sisted  oxidation  of  SOj  to  SO,  has  been  investigated 
using  a  silent  discharge  (IXiali  et  al.  1991).  SO,isamoie 
dearable  byprcxiuct  of  flue  gas  as  oppos^  to  SO, 
because  it  can  be  dissolved  in  water  easily  and  can  be 
reacted  with  lime  to  form  gypsum.  At  the  Uruversity  of 
niinc^,  the  use  of  alent  discharge  processing  fcM-  the 
removal  of  SO,  from  flue  gas  by  conversion  to  sulfuric 
add  has  been  investigated  (Chang  et  al.  1991).  At  the 
University  of  New  Hampshire,  ttie  removal  of  NO  has 
been  investigated  using  a  wire-cylirKler  sflent  discharge 


The  use  of  s  silent  discharge  reactor  as 
a  second  stage  burner  for  removing 
hazardous  organic  materials  from  mixed 
waste  is  being  investigated ... 


electrode  configuration  with  a  catalytic  material,  such 
as  glass  word,  packed  in  between  the  electrodes 
(McLamon  et  al.  1991).  The  wotIcs  at  the  Southern 
Illinois  University,  and  the  University  of  New  Hamp- 
diire  were  fund^  by  the  US  Department  of  Energy, 
while  the  work  at  the  Univerrity  of  Illinois  was  fuiKl^ 
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in  part  by  the  US  Environmental  Protection  Agency. 

Silent  discharge  reactors  have  also  been  demon¬ 
strated  to  decompose  many  types  of  hydrocarbon,  ha- 
locarbon,  and  oiganopho^horous  compounds. 

Mixed  waste,  containing  both  chemical  hazards 
and  radionuclides^  are  usually  volume  reduced  through 
incineration  and  the  residue  packaged  for  long-term 
stcvage.  The  use  of  a  silent  discharge  reactor  as  a  seccmd 
stage  burner  for  removing  hazardous  organic  materials 
from  mixed  waste  is  being  investigated  at  Los  Alamos 
Natioiral  Laboratory  (McCulla  et  1991).  Tests  using 
a  prepared  gaseous  feed  containing  trichloroethylene 
(TCE),  carbon  tetradiloride  (CQ^),  n-octane  and  CFC- 
113  are  encouraging. 

The  use  of  silent  disdiarge  processing  for  detrnd- 


The  use  of  silent  dischsrge  processing 
for  detoxifying  chemicsl  warfsre  gases 
has  been  investigated  in  several  US 
laboratories. 


lying  dremical  warfare  gases  has  been  investigated  in 
several  US  laboratories.  In  1985,  work  at  the  Naval 
Researdt  Laboratory  (NRL),  hmd^  by  the  US  Office  of 
Naval  Research,  demonstrated  the  decomposition  of 
the  simulant  gas  dimethyl-methyl-pho^hate  (DMMP) 
(Fraser  et  al.  1985).  Collaborative  work  between  Au- 


Plasmas  offer  several  advantages  over 
the  standard  filtration  approach ...  all 
known  military  chemical  and  biological 
warfare  agent  can  be  decontaminated  by 
passing  through  a  plasma  reactor. 


bum  University  and  the  US  Army  Chemical  Systems 
Laboratory  demonstrated  the  decomposition  of 
phosphonofluoride  add  vapors  (Clothiaux  et  al.  1984). 
Work  at  SRI  International,  with  funding  from  the 
Wright-Patterson  Air  Force  Base,  studied  the  dischaige- 
induced  destruction  of  the  simulants  DMMP,  DEMP, 
and  0,S-DEMP  (Slanger  et  al.  1990).  The  silent  dis¬ 
charge-induced  decomposition  of  methane,  hydrogen 
cyanide,  formaldehyde  and  benzene  have  also  been 
reported  in  the  experiments  at  NRL  and  Auburn  (Fraser 


The  US  Army  Chemical  Research,  Devel¬ 
opment  and  Engineering  Center  -  spon¬ 
sored  technical  evaluation  of  plasma  air 
purification  technology  has  identified 
several  areas  for  further  work  required  to 
mature  plasma  reactors  for  potential 
military  application. 


et  al.  1985)  (Fraser  et  al.  1986)  (Neely  et  al.  1985)  (Neely 
et  al.  1988). 

The  US  Army  Chemical  Research,  Development 
and  Engineering  Center  (CRDEC)  has  recently  con¬ 
ducted  an  evaluation  of  plasma  technology  for  military 
air  purification  applications  (Tevault  1992).  Plasmas 
ofier  several  advantages  over  the  standard  filtration 
approach,  using  activated  impregnated  carbon,  in  that 
all  known  military  chemical  and  biological  warfare 
agent  can  be  decontaminated  by  passing  through  a 
plasma  reactor.  The  CRDEC-^xmkxed  teduiical  evalu¬ 
ation  of  plasma  air  purification  technology  has  identi¬ 
fied  several  areas  for  further  work  required  to  mature 
plasma  reactors  for  potential  military  application. 

At  the  Kurchatov  Institute  of  Atomic  Energy  in 
Russia,  the  use  of  short  high-voltage  pulses  is  applied 
to  dielectric-barrier  reactors  to  increase  the  efficiency 
for  the  removal  of  dilute  amounts  of  F^S,  CS,,  SO,  and 
mercoptans  in  various  gas  mixtures.  A  pilot  plant  is 
being  constructed  to  demonstrate  the  use  of  this  tech¬ 
nology  for  air  purification  in  the  paper  industry. 

In  Japan,  collaborative  work  between  Ibaraki 
University  and  Niles  Parts  Co.  has  resulted  in  the 
development  of  a  near-practical  plasma  reactor  that 
can  simultaneously  remove  NO^  SO^  CO,  and  soot 


In  Japan,  collaborative  work ...  has  re¬ 
sulted  in  the  development  of  a  near- 
practical  plasma  reactor  that  can  simulta 
neously  remove  NO,,  SO,,  CO,  and  soot 
from  diesel  engine  exhaust ... 


from  diesel  engine  exhaust  (Higashi  et  al.  1992).  This 
work  b^an  in  1979  fdlowing  the  failure  of  an  effort  to 
develop  an  exhaust  gas  recirculation  (EGR)  system  to 
reduce  NO,  emission  from  diesel  engines.  Although 
the  primary  goal  was  achieved,  the  recirculation  of 
soot-laden  gases  led  to  decreased  engine  power  and 
increased  the  wear  on  the  valves,  valve  seats,  piston 
surfaces  and  cylinder  walls.  In  their  cylindrical  plasma 
reactors,  the  inner  electrode  was  a  stainless  metal  screw 
and  the  outer  electrode  was  aluminum  foil  wrapped 
around  a  glass  tube.  The  reactor  was  energized  by  AC 
high  voltage.  The  major  innovation  in  their  work  was 
the  addition  of  drops  ^  oil  into  die  gas  stream  diat  were 
transformed  into  a  dielectric  mist.  This  produced  a 
more  homogeneous  disdiarge  and  led  to  the  complete 
elimination  of  soot,  as  well  as  the  removal  of  NO,,  SO, 
and  CO,. 

Surface  Discharge 

The  use  of  surface  discharge  processing  for  the 
destruction  of  gaseous  pollutants  has  been  demon¬ 
strated  in  collaborative  work  between  Masuda  Re- 


NA  TO  Advanced  Reaaarch  Workahap  on  Non-ThammI  Plaama  Tachniquaa  for  Pollution  Control 


xvll 


seardv  University  of  Tokyo  and  Takuma  Co  (Masuda 
et  al.  1985).  The  reactor  consists  of  a  planar  or  rylindri* 
cal  alumina  ceramic  having  a  series  of  strip-like  elec¬ 
trodes  attached  on  one  of  its  surface  and  a  film-like 
counter  electrode  embedded  inside  d\e  ceramic  A  high- 


The  surface  discharge  reactor  has  been 
applied  to  the  removal  of  NO,  in  the 
combustion  gas  from  an  oil-burning 
boiler  and  the  exhaust  from  a  diesel 
engine...  It  has  also  been  demonstrated 
that  freons ...  can  be  destroyed  without 
the  production  of  poisonous  by-products 


frequency  AC  high-voltage  is  applied  to  generate  the 
surface  discharge,  starting  from  the  side  edges  of  the 
strip  electrodes  and  uniformly  covering  the  ceramic 
surface. 

The  surface  disdiaige  reactor  has  been  applied  to 
the  removal  of  NO,  in  the  ccxnbustion  gas  from  an  oil- 
burning  br^er  and  the  exhaust  from  a  diesel  engine 
(Masuda  et  al.  1991).  It  has  also  been  demonstrated  that 
freons  such  as  CFC-22  and  CFC-113  can  be  destroyed 
without  the  production  of  poisonous  by-products  sudi 
as  pho^ene  (Oda  et  al.  19^). 

Ferroelectric  Bed 

The  ferroelectric  bed  reactor  employs  a  high- 
voltage  AC  power  supply  in  corqunction  wi  A  a  tubular 
reactor  packed  with  higl^electiic  ceramic  pellets.  The 
pellets  are  held  within  the  tube  arrangement  by  two 
metal  mesh  electrodes.  When  external  AC  voltage  is 
applied  across  the  high  dielectric  layer,  the  pellets  are 
polarized,  and  an  intense  dectric  field  is  fbnri^  around 
each  pellet  contact  point  Many  pulsed  discharges  take 
place  around  each  contact  point  of  the  ferroelectric 
pellet^  and  the  discharge  energy  can  be  controlled  by 
(hanging  the  didectric  constant  ^  file  pdlet  and  by  the 
voltage  waveform. 

At  Toyohashi  University  of  Techncdogy  in  Japan, 


...  experiments  have  been  carried  out  on 
the  reduction  of  carbon  dioxide ...  the 
ferroelectric  bed  can  destroy  a  variety  of 
hazardous  organic  confounds 


the  ferroelectric  bed  reactor  has  been  used  to  decom¬ 
pose  methane  diluted  in  various  gas  mixtures  (Mizuno 
et  aL  1988).  In  a  joint  work  with  McMaster  University  in 
Canada,  experiments  have  been  carried  out  on  the 
reduction  of  carbon  dioxide  0ogan  et  al.  1991).  In  the 
USA,  experiments  by  Research  Triangle  Institute  and 
the  US  ^vironmental  Protection  Agency  have  demort- 


strated  that  the  fenodectric  bed  can  destroy  a  variety  of 
hazardous  organic  compounds,  induding  toluene, 
methylene  chloride  and  CFC-113  (Yamamoto  et  al. 
1992). 

Microwave  Discharge 

The  potential  for  using  microwave  discharges  to 
destroy  toxic  molecules  was  demonstrated  at  the 
Lockheed  Palo  Alto  Research  Laboratory,  in  collabora¬ 
tion  with  Edgewcxxl  Arseiral,  University  of  California 
at  Berkeley,  and  the  US  Environmental  Protection 
Agency  (Bailin  et  al.  1975)  (Bailin  et  al.  1978).  Using 
tiucrowave  plasmas  at  sub-atmo^heric  pressures,  fiiey 
were  able  to  destroy  a  wide  range  of  hazardous  mol- 


The  potential  for  using  microwave  dis¬ 
charges  to  destroy  toxic  nwlecules  was 
demonstrated...  able  to  destroy  a  wide 
range  of  hazardous  molecules ... 


ecule$,  induding  chlorinated  hydrcxuurbons  such  as 
PCB's  and  organophosphorous  ccxnpounds  such  as 
malathion.  They  aim  showed  firat  met^c  mercury  can 
be  recovered  fr^  fire  deconqxKition  of  phenylmereutk 
acetate  (PMA),  and  performed  an  interesting  series  ol 
experiments  on  the  simulants  DIMP  and  DMMP. 

Experiments  at  the  Kurchatov  Institute  in  Russia 
(Bagautdinov  et  al. )  and  at  Aigonne  Naticmal  Labora¬ 
tory  in  the  USA  (Hatkness  et  d. )  have  demonstrated 
the  use  of  microwave  discharges  for  disscxiating  hy¬ 
drogen  sulfide.  The  plasma  process  has  file  advantage 
of  l^ing  able  to  recover  hydrogen,  as  well  as  sulfur, 
from  the  hydrogen  sulfide. 

Miorowave  tystems  for  producing  large  volumes 
of  non-thennal  plasma  in  atnnoq>heric-pressure  gases 
have  been  proposed  by  investigators  at  AMPC  Inc 
(Guest  et  al.  1989)  and  the  Naval  Surface  Weapons 
Center  (Uhm  et  al.  1991). 

Discharge  in  Fast  Gas  Flow 

A  discharge  can  be  establidied  usirig  a  sin^e  DC 


The  use  of  fast  gas  flow  for  the  stabiliza¬ 
tion  of  a  point-to-plane  corona  discharge 
...  detoxification  of  chemical  wartare 
gases... 


high-voltage  power  supply.  The  construction  of  the 
reactor  is  simple,  typically  consisting  of  an  aruxle  plate 
and  a  cathode  contidning  a  lot  of  sha^  metaOic  pins.  By 
pumping  the  gas  through  the  discharge  volume  to 
prcxluce  fast  flow  at  atmospheric  or  superatmospheric 
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pressure  (1-2  atm),  a  stationary  discharge  can  be 
established  without  overiieating  the  gas.  The  use  of  fast 
gas  flow  for  the  stabilization  of  a  point-to-plane  corona 
dischai^ge  has  been  investigated  by  Westinghouse  Cor¬ 
poration  in  the  USA  (Castle  et  al.  1984).  The  Research 
Triangle  Institute  has  applied  a  amilar  technique  to  the 
detoxiJficaticm  of  chemic^  warfare  gases  (Yamamoto  et 
al.  1988)  (Yamamoto  et  al.  1989).  Researchers  at  the 
Troit^  Institute  in  Russia  report  to  have  improved  the 
implementation  of  this  type  of  reactor  and  achieved 
very  good  efficiencies  in  the  oxidation  of  pollutant 


a  technique  using  tapered  gaps,  caiied  a 
giiding  discharge ...  resuits  obtained  with 
a  variety  of  poiiutants ...  are  very  encour¬ 
aging 


molecules  (Akishev  et  al.  1991).  They  used  flow  speeds 
of  up  to  200  m/s  across  the  discharge.  In  France,  re- 
sear^ers  at  the  University  of  Orleans  have  developed 
a  technique  using  tapered  gaps,  called  a  gliding  dis¬ 
charge,  in  which  the  stationary  glow  discharge  is  re¬ 
placed  by  a  moving  arc  (Czenuchowski  et  al.  1991). 
This  operates  at  much  lower  gas  flow  qseeds  of  around 


the  corona  torch  was  deveioped  to  en¬ 
large  the  active  volume  of  the  discharge 
...  This  device  has  been  applied  to  the 
reduction  of  CO,  in  combustion  gases. 


10  m/  s.  The  results  obtained  with  a  variety  of  pollut¬ 
ants,  such  as  hydrogen  sulfide,  methyl  mercaptan  and 
tetrachloroethylene,  are  very  encouraging. 

Another  device,  the  corona  torch,  was  developed 
to  enlarge  the  active  volume  of  the  corona  discharge. 
The  gas  flow  enters  an  upstream  cylindrical  hollow 
electee  and  exits  at  a  downstream  cylindrical  hollow 
electrode.  All  the  reactive  gas  pass  through  the  active 
plasma  zone.  High-^eed  gas  flow  near  the  exit  of  the 
electrode  ccxd  the  electrcxles;  hence,  the  chemical  reac¬ 
tions  and  the  stability  of  the  discharge  is  enhanced.  This 
device  has  been  applied  to  the  removal  of  CO,  in 
combustion  gases  (Maezono  et  al.  1990). 

Pollution  Control  Workshop 

Non-thermal  plasma  techni(]ues  offer  several  new 
cost-effective  technologies  that  c(>uld  dispose  of  many 
types  of  gaseous  pollutants,  sometimes  even  simulta¬ 
neously.  This  field  has  grown  dramatically  in  recent 
years.  Many  new  types  of  air  pollutants  have  been 
tackled;  new  kinds  erf  plasma  reactors  have  been  devel¬ 
oped,  and  existing  kinds  have  been  improved  greatly. 
It  is  in  the  interest  of  many  nations  to  assure  that  dl 


It  is  in  the  interest  of  many  nations  to 
assure  that  all  practical  and  economi¬ 
cally  feasible  steps  are  taken  to  apply 
and  further  develop  these  technqiues  to 
help  solve  the  preeminent  environmental 
problems  of  acid  rain,  global  warming, 
ozone  depletion,  and  smog. 


practical  and  economically  feasible  steps  are  taken  to 
apply  and  further  develop  these  techniques  to  help 
sdve  the  preeminent  environmental  problems  of  add 
rain,  global  warming,  ozone  depletion,  and  smog.  To 
accomplish  this,  it  is  necessary  to  get  the  best  solutions 
flrom  industry,  academia,  and  government  laborato¬ 
ries^  and  to  p^  this  information  for  the  benefit  of  all. 
The  "NATO  Workshop  on  Non-Thetmal  Plasma  Tech¬ 
niques  for  Pollution  Contrrrf"  to  be  held  in  Cambridge 
University  on  Sept  21-25, 199^  was  cotKeived  as  a  step 
towards  that  god. 

The  workshop  is  sponseved  by  the  NATO  Sden- 
tific  and  Environmental  Affairs  Division,  the  US  Army 
European  Researdi  Office,  and  the  US  Office  of  Naval 
Researdi  European  Office.  The  industrial  sponsors  in¬ 
clude  Asea  Brown  Boveri,  Ebara  Corporation  (Japan), 
Asahi  Kogyosha  Co.  Ltd.  G^pan),  NV  KEMA  (The 
Netherlands),  Maxwell  Laboratories  (USA),  Ansaldo 
Gtaly)  and  Offidne  Galileo  Gtaly). 


The  workshop  is  sponsored  by  the  NATO 
Scientific  end  Environments!  Affairs 
Division,  the  US  Army  European  Re- 
search  Office,  and  the  US  Office  of  Naval 
Research  European  Office.  The  industrial 
sponsors  include  Asea  Brown  Boveri, 
Ebara  Corporation  (Japan),  Asahi 
Kogyosha  Co.  Ltd.  (Japan),  NV  KEMA 
(The  Netherlands),  Maxwell  Laboratories 
(USA),  THORN  Microwave  (UK),  Ansaldo 
(Italy)  and  Officine  Galileo  (Italy). 
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INTRODUCTION 


0900  -  0915  Introdtictory  Remarks 

0915  -  0945  Overview  of  Atmospheric  Pollution  Problems 

R.  Derwent 

Department  of  Environment  -  (UK) 

0945  - 1005  The  Need  for  Mixed  Waste  Treatment  Options  Within  the 

US  Department  of  Energy 
W.H.McCulla 

Los  Alamos  National  Laboratory  -  (USA) 

1005  - 1035  The  IRstory  of  Electron  Beam  Prooesdng  for  Enwonmental 

Pollution  Control  and  Work  Performed  in  the  United  States 
N.  W.  Frank  and  S.  Hirano 
Ebara  Environmental  Corporation  -  (USA) 

1035-1050  BREAK 

1050-1120  Energetic  Electron  Induced  Plasma  Processes  for  Reduction  of 

Add  and  Greenhouse  Gases  in  Combustion  Flue  Gas 
J.'S.  Chang 

McMaster  University  -  (Canada) 

1120  - 1140  Higfi  Pressure  Discharge  as  a  Trigger  for  Pollution  Control 

E.  Marode;  A.  Goldman,  and  M.  Goldman 
Ecole  Sup4rieure  d'  EIectridt4  -  (France) 

1140-1230  DISCUSSION 

Topic  Problem  Definition 

-  Goals  of  the  Workshop 

-  Overview  of  Alternative  Tediniques 

-  Who  Pays  for  It? 

1230-1330  LUNCH 

1330-1430  POSTERS. SETl 

(To  be  displayed  all  day  on  Monday  and  Tuesday) 


NATO  ADVANCED  RESEARCH  WORKSHOP  ON 
NON-THERMAL  PLASMA  TECHNIQUES  FOR  POLLUTION  CONTROL 


Monday  Afternoon.  September  21 _ SCHEDULE 

APPLICATIONS 

MILITARY  APPUCATIONS 

1430  - 1500  Application  of  Plasma  Technology  for  Military 
Air  Purification  Applications 
D.  E.  Tevault 

U.  S.  Amy  CRDEC  -  (USA) 

APPUCATION  TO  MOBILE  SOURCES 

1500  - 1530  Simultaneous  Removal  of  NOx,  COx,  SOx  and  Soot 

in  Diesel  Engine  Exhaust 

K.  Fujii,  M.  Higashi*,  and  N.  Suzuki* 

Ibaraki  University  -  Gapan) 

*Niles  Parts  Co,  Ltd,  -  Qapan) 

INDUSTRIAL-SCALE  TESTS  OF  FLUE  GAS  TREATMENT 

1530  - 1600  Application  of  E*Beam  Treatment  to  Flue  Gas  Qeanup  in  Japan 

A.  Maezawa  and  M.  Izutsu 
Ebara  Corporation  •  Gapan) 

1600-1630  Industrial  Application  of  Pulsed  Corona  Prooesring  to 

Flue  Gas 

LCivitano 
ENEL  -  (Italy) 

1630-1645  BREAK 

1645  - 1800  DISCUSSION 

Topic  Overview  of  Non-Thetmal  Plasma  Techniques 

-  Approaches  to  be  Discusssed 
-Targets 

-  Critical  Issues 

1900  -  2100  DINNER 
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SCHEDULE _ Tuesday  Morning.  September  22 _ 5 

ELECTRON  BEAM  PROCESSING 

APPUCATION  TO  FLUE  GAS  TREATMENT 

0900-0920  Chemical  Kinetics  Model  of  SO2/NOX  Removal  by 
Electron  Beam 

ILMStzing 

Kemforsdiungszentmm  Karlsruhe  GmbH  -  (Germany) 

0920  -  0940  Experiments  on  Chemical  Reaction  in  Eleciron-Beam-Induoed 
N0x/S02  Removal 

O.  Tokunaga  and  H.  Namba 

Japan  Atomic  Energy  Research  Institute  -  Qapan) 

0940-1000  SO2  and  NOx  Removal  from  Flue  Gas  by  Means  of  lime  Spray 

Dryer  Followed  by  Electron  Beam  Irradiation 

D. J.Helfritch 

Researdi-Cottrell  Inc.-  (USA) 

1000  - 1020  Investigation  of  SO2  Oxidation  in  Humid  Air  Stream  by 

High  Current  Denaty  Pulsed  Electron  Beam 

E.  I.  Baranchicov,  G.  S.  Belenky,  M.  A.  Deminsky, 

V.  P.  Denisenko,  D.  D.  Maslenicov,  B.  V.  Potapkin, 

V.  D.  Rusanov,  A.  M.  Spector,  E.  V.  Shulakovs,  and 
A.  A.  Fridman 

Kurchatov  Institute  of  Atomic  Energy  -  (Russia) 

1020-1035  BREAK 

1035-1055  Electron  Beam  Flue  Gas  Treatment  in  Poland 

A.  G.  Chmielewski  and  Z.  Zimek 

Institute  of  Nuclear  Chemistry  and  Technology  -  (Poland) 

APPUCATION  TO  COMPLEX  MOLECULES 

1055  - 1115  Removal  of  Volatile  Hydrocarbons  from  Industrial  Off-Gas 

R-R.  Paur 

Kemforsdmngszentrum  Karlsruhe  GmbH  -  (Germany) 

1115  - 1135  UV  and  Electron  Beam  Degradation  of  Chloriiuted 
Hydrocarbons  and  Aromatics 

H.  Esrom,  R  Sche3rtt ,  R.  Mehnert  ,  and  C.  v.  Sormtag 
Asea  Brown  Boveri  AG  -  (Germany) 

Asea  Brown  Boveri  AG  -  (Germany)  and 
Universit&t  Karlsruhe  -  (Germany) 

**  Instiut  fiir  OberflSchenmodifizierung  e.  V.  -  (Germany) 
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NON-THERMAL  PLASMA  TKHNIQUES  FOR  POLLUTION  CONTROL 


6 _ Tuetday  Morning,  September  22 _ SCHEDULE 

***Max-Planck-Institut  fiir  Strahlendiemie  -  (Germany) 

1135-1230  DISCUSSION 

Topic:  Status  of  Electron  Beam  Tedmology 

-  Unsolved  Sdentific  &  Tedtnical  Problems 

-  Conclusions  from  Past  Tests  &  Economic  Analyses 

-  Unresolved  Commercial  Issues 

1230-1330  LUNCH 

1330-1430  FOSTERS- SETl 

(To  be  displayed  all  day  on  Monday  and  Tuesday) 
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NON-THERMAL  PLASMA  TECHNIQUES  FOR  POaUTION  CONTROL 


SCHEDULE _ Tuesday  Afternoon.  September  22 _ 

DC  DISCHARGE  PROCESSING 

1430  - 1450  Gliding  Disduige  Reactor  for  H2S  Valorization  or  Destruction 

A.  Czemidiowski 
Universifo  d'Orl4ans  -  (France) 

H.Lesueur 

Bureau  de  Recherches  G4ologiques  et  Mini&res  -  (France) 

1450  - 1510  DC  Glow  Discharge  with  Fast  Gas  Flow  for  Flue  Gas  Processing 

A.  P.  Napartovich 

Troitsk  Kurchatov  Researdi  Institute  -  (Russia) 

1510  - 1530  Decomposition  of  NO2  by  Glow  Discharge  Plasma 
Y.  Sakai  and  H.  Tagashira 
Hokkaido  University  •  Gapan) 

1530  - 1550  N^ative  Coroiu-Induced  Decomposition  of  CQ2F2 

J.  D.  Skalny,  V.  Sobek,  and  P.  Lukic 
Comenius  University  -  (Czedtodovakia) 

SILENT  DISCHARGE  PROCESSING 

APPUCATION  TO  GREENHOUSE  GASES 

1550-1610  Hydrogerution  of  CO2  in  a  Silent  Discharge 

B.  Eliasson,  F.  Simoiv  and  W.  Egli 
Asea  Brown  Boveri  -  (Switzerland) 

APPUCATION  TO  UV  PRODUCHON 

1610  - 1630  UV  Production  in  Dielectric-Barrier  Disdiarges  for 

Pollution  Control 

U.  Kogelschatz 

Asea  Brown  Boveri  -  (Switzerland) 

1630-1645  BREAK 

1645  - 1800  DISCUSSION 

Topic  Disdiarge  Approaches  to  Gas  Cleaning 

-  Types  of  Plasma  Discharge 

-  Charaderistics  of  Effedive  Discharges 

-  Unresolved  Sdentific  and  Tedurical  Problems 

1900  -  2100  SPECIAL  DINNER 


NATO  ADVANCED  RESEARCH  WORKSHOP  ON 

non-thermal  plasma  techniques  for  pollution  control 


SCHEDULE 


W*dn0sday  Morning.  September  23 


SILENT  DISCHARGE  PROCESSING 

BASIC  DISCHARGE  MECHANISMS 

0900  -  0920  Modelling  of  Dielectric  Barrier  Discharges 

G.  J.  Ketsdi,  D.  Braun*,  and  V.  1.  Gibalov^ 

Aachen  University  of  Tedinology  -  (Germany) 
*now  with  Hartmann  &  Braun  AG  -  (Germany) 
^Moscow  State  University  >  (Russia) 

APPUCATION  TO  COMPLEX  MOLECULES 

0920  -  0940  Decomposition  of  Complex  Molecules  Uring  Silent 

Discharge  ftooessing 

W.  C  Neely,  E.  1.  Newhouse,  E  ).  Clothiaux,  and 
C.  A.  Gross 

Auburn  University  -  (USA) 

0940  - 1000  Treatment  of  Hazardous  Organic  Wastes  Using  Silent 
Discharge  Hasnus 

L  A.  Rosocha,  G.  K.  Anderson,  L  A.  Beditold, 

J.  J.  Coogaiv  H.  G.  Heck,  M.  Kang,  W.  H.  McCuU^ 

R.  A.  Teniumt,  and  P. ).  Wantudc 

Los  Alamos  National  Laboratory  •  (USA) 

1000  •  1020  Removal  of  Orgaruiphoi^hotute  Chemical  Agents 

from  Air  Streams 

T.  G.  Slanger  and  R.  L.  Sharpless 
SRI  International  •  (USA) 

1020-1035  BREAK 


AC  DISCHARGE  PROCESSING 

1035-1106  Destruction  of  Gaseous  Pollutants  and  Air  Todxs  by  Surface 

Iitduced  Plasma  Chemical  Process  (SPCF)  and  Pulse  Corona 
Induced  Flasnu  Chemical  Process  (FPCF) 

S.  Masuda 

Fukui  University  of  Techndogy  -  0apan) 
to  be  presented  by 

K.  Sakaldbara 
Takuma  Co.  Ltd.  -  0apan) 

1105  - 1135  Application  of  Corona  Technology  to  tfte  Reduction  of 
Greenhouse  Gases  and  Other  Gaseous  Pollutants 

NATO  ADVANCED  RESEARCH  WORKSHOP  ON 
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SCHEDULE 


Wednesday  Morning.  September  23 


A.  Mizuno,  A.  Chakrabarti,  and  K.  Okazaki 
Toyohashi  University  of  Technology  -  Qapan) 
to  be  presented  by 

Y.  Matsumoto 

Asahi  Kogyosha  Co.  Ltd.  •  Qapan) 

1135  •  1206  Decomposition  of  Volatile  Organic  Compounds  by  a  Packed  Bed 

Reactor  and  a  Pulsed  Corona  Plasma  Reactor 

T.  Yamamoto,  P.  A  Lawless,  M.  K.  Owen,  and  D.  S.  Ensor 
Research  Triangle  Institute  -  (USA) 

C.Bo6S 

North  Carolina  State  University  -  (USA) 

1205  - 1230  QUESnnON  &  ANSWER  PERIOD 

1230-1330  LUNCH 

1330-1430  POSTERS-SEr2 

(To  be  displayed  all  day  on  Wednesday  and  Thursday) 
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Wednetdav  Afternoon.  September  23 


SCHEDULE 


AC  DISCHARGE  PROCESSING  (continued) 

1430  - 1450  Reaction  IGnetics  for  Flue  Gas  Treatment  of  NOx 
R.  W.  Breault  and  C.  McLamon 
Tecogen,  Inc  -  (USA) 

V.  K.  Mathur 

University  of  New  Hampshire  -  (USA) 

M  Landau 
SoCal  Gas  C<Hnpany 

PULSED  CORONA  PROCESSING 

APPUC  ATION  TO  FLUE  GAS  TREATMENT 

1450  - 1510  Modeling  of  Plasma  Cataljrtic  Reduction  of  NOx  ^nd  SO2  in 

Flue  Gases 

I.  Gallimberti 

University  of  Padova-  (Italy) 
to  be  presented  by 

M.Rea 

University  of  Padova  -  (Italy) 

1510  - 1530  Experimental  Studies  on  NO  Remold  Using  Streamer  Corona 

R.  H.  Amirov,  E  I.  Asinovsky,  I.  S.  Samoilov,  and 
A.  V.  Shepelin 

Institute  for  High  Temperatures  -  (Russia) 

1530-1550  Pulsed  Coronal  Disdiarge  for  Comlnned  Removal  of  S02/NOx 

and  Fly  Ash  From  Flue  Gas 
G.  E  Vogtlin 

Lawrence  Livermore  National  Laboratory  -  (USA) 
to  be  presented  by 

].  N.  Bardsley 

Lawrence  Livennore  National  Laboratory  -  (USA) 

APPUCATION  TO  OTHER  GASEOUS  POLLUTANTS 

1550-1610  Hydrogen  Sulfide  Decomposition  by  Means  of  Pulsed  Cbroru 

Discharge 

D.J.Helfritch 

Researdi-Cottrell  Inc  -  (USA) 

1610  - 1630  Laboratory  Studies  of  Plasmodiemical  Oxidation  Process 
Energized  by  Pulsed  Streamer  Disdiarges 

V.  A.  Abolentsev,  S.  V.  Korobtsev,  D.  D.  Medvedev, 

V.  D.  Rusanov,  and  V.  E  Shiryaevsky 
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SCHEDULE 

1630-1645 

1645-1800 

1900  -  2100 


Wednesday  Aft«moon.  September  23 

Kurchatov  Institute  of  Atomic  Energy  -  (Russia) 


BREAK 

DISCUSSION 

Topic:  Plasma  Morphology  and  Physics 

-  Comparison  of  Different  Discharge  Teduiiques 

-  Effiency  &  Uniformity 

-  Lifetime  &  Industrial  Compatibility 

DINNER 
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Thursday  Morning.  September  24 


SCHEDULE 


FUNDAMENTALS 

DIAGNOSnCS  OF  CORONA  DISCHARGE  PROCESSES 

0900  -  0920  Emisrion  ^>ectraea>p3r  of  Corona  IXsduiges 
T.ILTeich 

Swiss  Federal  Institute  of  Tedinology  -  (Switzerland) 

0920-0940  Electrical  and  Optical  Investigation  of  Pulsed  Streamer  Corona 

Y.  Creyghton,  E.  M  van  Veldhuizeiv  and  W.  R.  Rutgers 
Eindhoven  University  of  Techncdogy  -  (The  Netherlands) 

MODEUNG  OF  CORONA  DISCHARGE  PROCESSES 

0940-1000  Theory  of  Pulsed  Corona  in  Air  and  FlueCasMixtutes 

R.  Morrow 

CSIRO  Division  of  ^plied  Physics  -  (Australia) 

1000  - 1020  Multi'Dimensioful  Modding  of  die  Dynamic  Mori^iology  of 

Streamer  Coronas 

P.  A.  l^tello,  B.  M.  Penetrante,  and  J.  N.  Bardsley 
Lawrence  Livermore  Natitmal  Laboratory  -  (USA) 

1020-1035  BREAK 

COLLISION  PROCESSES 

1035-1055  The  Role  of  Electron  Attadiment  to  Gas  Molecules  in 

Electrostatic  Plredpitatots 
J.J.Lowke 

CSIRO  Division  of  Applied  Physics  -  (Australia) 

1055  - 1115  Electron  Data  Base  Needed  For  Disdiatge  Modeling  in  Flue  Gas 

Treatment 

M.  Yousfi,  A.  Pmnsignon,  and  A.  Hamani 
Universito  Paul  Sabatier  -  (France) 

1115  - 1135  Swarm  Determination  of  Electron-Molecule  Cross-Sections  in 

Some  Hydrocarbon  Gases  sudi  as  Methana,  nopane  and 
Isobutane 

P.  S4gur  and  M.  C.  Bordage 
University  Paul  Sabatier  -  (FraiKe) 

1135-1230  DISCUSSION 

Topic  Plasnui  Physics  Issues 

-  How  Go^  is  Our  Scientific  Base? 
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-  CoUisional  Cross  Sections  and  Reaction  Rates 

-  Diagnostics 

1230-1330  LUNCH 

1330-1430  POSTERS- SET2 

(To  be  displayed  all  day  on  Wednesday  and  Thursday) 
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Thufdav  Afternoon.  September  24 


SCHEDULE 


CHEMICAL  KINETICS 

1430-1450  Influenoeof  Active  Radicals  on N0^02  Removal  from  Flue 

Gases  in  Corona  Disduuge  Installations 

G.  Alekseev,  A.  Levdienko,  F.  van  der  Vleuten*  and 
V.  Bityurin 

Institute  for  High  Temperatures  -  (Rusaa) 

*Eindhoven  Univ.  of  Technology  -  (The  Netherlands) 

1450-1510  The  Effect  of  Qusten  and  Heterogeneous  Reactions  on 

Non-Equilibrium  Plasma  Flue  Gas  Cleaning 

A.  A.  Fridman,  B.  V.  Potapldn,  and  V.  D.  Rusanov 
Kurchatov  Institute  of  Atomic  Energy  -  (Russia) 

1510  - 1530  Chemical  IQnetic  Data  for  Modeling  Non-Thermal  Plasmas 

J.T.Herron 

National  Institute  of  Standards  and  Tedmology  -  (USA) 

1530  - 1630  DISCUSSION 

Topic  Plasma  Chemistry  Issues 

•  Unresolved  Chemistry  Issues 

-  Undesirable  By-Products 

-  Coupling  between  Chemistry  and  Plasma  Morphology 

1630-1645  BREAK 

1645-1800  ROUND  TABLE  DISCUSSION 

Topic  Industrial  Perspective 

-  Assessment  of  Past  Work 

-  Issues  of  Commercial  Implementation 

-  Priorities  for  Further  Work 

-  Economic  Analyses 

1900-2100  DINNER 
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SCHEDULE _ Friday  Morning.  September  25 _ 

TECHNOLOGY  DEVELOPMENTS 

0900  -  0920  Fiasma  Arc  Fiocesring  of  Solid  and  liqtiid  Wastes 
M.  P.  Schlienger 
Retech,  Inc  -  (USA) 

0920-0940  Energization  of  Pulse  Corona  Induced  Qiemical  Processes 

M.  Ree,  K.  Yan*,  and  L  Sonaglioni 
University  of  Padova  -  (Italy) 

*Beijing  Institute  of  Technology  -  (China) 

0940  - 1000  Design  and  Initial  Testing  Results  firom  the  Repetitive  High 

Energy  Pulsed  Power  (RHEPP)  Project 

E.  L.  Neau,  H.  C.  Harjes,  K.  W.  Reed,  K.  J.  Penn, 

R.  W.  Wavrik,  D.  L  Jolmson,  C.  R.  McClenahan,  and 
K.  R.  Prestwich 

Sandia  National  Laboratories  -  (USA) 

1000  - 1020  High  Average  Power  Modulator  and  Accelerator  Teduiology 

Developments  at  Pli3racB  International 

P.  Sincemey,  S.  Ashby,  J.  Benford,  C  Deeney,  G.  Frazier, 
J.  Levine,  J.  Meachum,  and  L  Sdditt* 

Physics  International  Company  -  (USA) 

*Con8ulting  Services,  Livermore,  CA  -  (USA) 

1020-1035  BREAK 

1035-1055  Development  of  die  Election  Beam  Dry  Scrubbing  of  Flue  Gas 

Utilizing  Ifigh  Power  Transformer  (HFTA)  Technology 
R.  D.  Genuario,  S.  Eckhouse,  and  J.  Ratifia-Brown 
Sdenoe  Applications  International  Corporation  -  (USA) 

1055  - 1125  Participation  of  the  Institute  of  Nudear  Physics  (Novosibirsk) 
in  Frograms  of  Electron  Beam  Flue  Gas  Treatment 
and  Development  of  Ifigh  Power  Accderators 
R.  A.  Salimov 

Institute  of  Nudear  Physics,  Novosibirsk  -  (Russia) 
Ansaldo  -  (Italy) 

1125-1145  Research  to  Improve  the  Effidency  of  Pulsed  Power  Switches 

and  Beams  for  High  Average  Power  Systenu  for  Pollution 
Control 

M.  A.  GunderBen,T.  Y.  Hst^  aivi  R.  L  Liou 
University  of  Southern  California  -  (USA) 
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1145-1205  A  Long  Life,  High  Repetition  Rate  Electron  Beam  Source 
S.J.  Scott 

The  Sowetby  Research  Centre  -  (UK) 

1205-1225  Generation  of  Electron  Beam  for  Technological  Processes 

S.  Pekitekand  J.  Rosenkranz 

Czech  Technical  University  -  (Czechoslovakia) 

1230-1330  LUNCH 
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1330  - 1530  DISCUSSION 

Topic  1:  Critical  Technologies 

-  Best  Available  Technologies  for  Pollution  Control 
Using  Electron  Beam  and  Discharge  Techniques 

-  Urgently  Needed  Improvements 

Topic  2:  Recommendations  for  Further  Research 

-  Priorities  for  Basic  and  Applied  Research 

-  Opportunities  for  Interrrational  Collaboration 

1900-2100  DINNER 
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THE  NEED  FOR  MIXED  WASTE  TREATMENT  OPTIONS 
WITHIN  THE  US  DEPARTMENT  OF  ENERGY* 

William  H.  McCulla 
Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  67545  USA 


The  United  States  Department  of  Eneigy  is  in  the  process  of  beginning  a  dean-up  of  many  of 
its  facilities  of  waste  containing  radioactive  and  hazardous  components  (mixed  waste).  Many 
of  these  waste  streams  had  been  previously  disposed  of  by  methods  acceptable  at  the  time  but 
with  the  passage  of  very  stringent  laws  effeding  migration  of  hazardous  components  now  the 
disposal  areas  constitute  remediation  sites.  Disposal  of  low  level  radioactive  waste 
potentially  containing  hazardous  materials  have  also  fallen  under  land  disposal  restrictions 
and  currently  no  mixed  waste  is  going  to  low  level  disposal  facilities.  Conventional  methods  of 
destroying  the  hazardous  components  have  often  either  been  difficult  to  implement  because  of 
the  radioactive  component  or  have  met  considerable  opposition  from  the  governmental  or  public 
sectors  Most  of  the  opposition  centers  on  concerns  on  pollution  of  the  environment  by  either  or 
both  the  radioactive  and  hazardous  components.  Innovative  technical  solutions  for  waste 
disposal  that  address  public  concerns  on  pollution  are  needed  in  as  short  a  time  as  possible  to 
unlock  the  log  jam  of  out-of-regulatory-compliance  stored  mixed  waste. 

With  this  background  of  few  acceptable  methods  for  mixed  waste  disposal  and  a  driving 
need  to  find  acceptable  solutions  the  DOE  has  embarked  on  a  natiotud  mixed  waste  program  to 
develop  solutions  to  the  waste  disposal  problem.  A  systems  approach  of  looking  at  all 
necessary  steps  to  convert  a  waste  stream  as  it  presently  exist  to  a  final  form  acceptable  for 
disposal  is  being  undertaken.  Baseline  technologies  for  each  step  are  analyzed  for 
acceptability  and  potentially  better  or  more  innovative  technology  candidates  are  compared  to 
the  baseline.  Technologies  that  compare  favorably  to  the  baseline  offer  options  for  more 
effective  destruction  of  the  hazardous  components,  reduced  or  eliminated  secondary  hazardous 
waste  generation,  and/or  offer  a  solution  that  may  be  more  acceptable  and  easily  permittable. 
This  program  is  developing  a  dose  working  relationship  with  the  Environmental  Protection 
Agency  (EPA),  the  US.  national  regulatcny  agency  for  the  environment,  and  where  possible  the 
effected  state  regulatory  agendas  to  improve  their  understanding  of  the  DOE's  needs  and  to 
help  expedite  the  permitting  process. 

Plasma  technolc^ies  have  already  begun  to  play  important  roles  as  potentially  more 
effective  methods  for  organic  waste  destruction  in  environmental  remediation  and  waste 
treatment.  Several  plasma  technologies  are  beir^  plarmed  or  have  been  successfully  tested  at  a 
contaminated  spill  site  where  trichloroethylene  (TCE)  is  being  pumped  from  the  ground  and 
the  plasma  systems  destroy  the  TCE  in  air  before  it  is  released  to  the  environment.  This  has 
significant  advantages  over  conventional  approaches  such  as  carbon  absorption  which  is  fairly 
expensive,  tends  to  degrade  rapidly  due  to  non-selective  absorption,  and  presents  a  secondary 
waste  that  recjuires  destruction.  Similar  technologies  sudi  as  in  situ  corona  discharge  will  be  or 
have  been  applied  to  carbon  tetrachloride  spills  at  another  DOE  site. 

Hot  plasnta  systems  are  being  considered  for  primary  destruction  of  combustible  and 
hazardous  constituent  contaminated  waste.  This  process  has  the  potential  advantage  of 
removing  the  organic  hazardous  components,  volume  reduction  and  encapsulation  of  the  non- 
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combustible  components  in  a  glass  matrix.  Cold  plasma  technologies  are  being  tested  as 
potentially  more  versatile  if  not  more  effective  secondary  units  for  replacement  of  conventional 
thermal  treatment  units.  Conventional  thermal  treatment  has  the  disadvantages  of  creating 
NOx  problems,  greatly  increasing  the  volume  flow  through  the  system  making  scrubbing  and 
particulate  removal  more  difficult,  and  generally  not  responding  well  to  upset  conditions  unless 
substantially  oversized  for  normal  operations.  Plasma  systems  have  shown  advantages  such  as 
rapidly  adjusting  power  loads  to  meet  large  swings  in  pollutant  concentrations,  removing 
pollutants  without  increasing  gas  volume  flow,  and  generally  less  susceptibility  to  corrosion  due 
to  lower  temperature  of  operation. 

Plasma  technology  has  already  begun  to  make  some  significant  inroads  in  waste  destruction 
and  pollution  abatement,  particularly  within  the  Department  of  Energy  Complex.  But  it  still 
does  not  enjoy  the  kind  at  confidence  that  conventional  thermal  technologies  enjoy.  We  can 
hope  that  as  the  plasma  technology  matures  and  we  are  able  to  show  not  oidy  significant 
technical  and  economic  advantages  but  also  reliability  that  plasmas  wiU  become  the  methods 
of  choice  for  waste  destruction  and  pollution  control. 

*This  work  was  performed  at  Los  Alamos  National  Laboratory  under  the  auspices  of  the  United 
States  Department  of  Energy  imder  contract  number  W-7405-ENG-36. 
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THE  HISTORY  OF  ELECTRON  BEAM  PROCESSING  FOR 
ENVIRONMENTAL  POLLUTION  CONTROL  AND 
WORK  PERFORMED  IN  THE  UNITED  STATES 

Norman  W.  Frank  and  Shinichl  HIrano 
Ebara  Environmental  Corporation 
HempMd  Industrial  Park 
R.D.  ilf6.  Box  516 

Greertsburg.  Pennsylvania  15601  USA 


The  Electron  Beam  Process  is  a  dry-scrubbing  process  whidi  simultaneously  removes  sulfur 
dioxide  (SO2)  and  nitrous  oxides  (NOx)  from  combustion  flue  gases.  The  irradiation  of  the  flue 
gas  produces  active  radicals  and  atoms  which  react  with  the  SO2  and  NOx  fo  ^onn  their 
respective  adds.  In  the  presence  of  ammonia  (NH3),  these  adds  are  converted  to  ammonium 
sulfate  (NH4)2S04  and  aiiunonia  sulfate-nitrate  (NH4)2S04-2NH4N03.  Other  organic 
compounds  can  also  be  treated  using  the  same  prindples. 

The  process  is  simple  and  as  an  example,  in  a  utility  power  plant  the  gas  would  be 
partially  deaned  of  flyash  by  a  partide  collector.  It  then  passes  through  an  evaporative  spray 
cooler  where  the  gas  temperature  is  lowered  as  the  humidity  is  increased.  The  gas  then  passes 
to  the  E-beam  process  vessel  where  it  is  irradiated  by  a  beam  of  high-energy  eledrons  in  the 
presence  of  a  near-stoiduometric  amount  of  ammonia  whidr  has  been  added  to  the  flue  gas 
upstream  of  the  vessel.  Oxidation  of  the  SO2  and  NOx  occurs  to  form  produds  which 
subsequently  read  with  the  added  ammonia  to  form  anunrmium  sulfate  and  anunonium  sulfate- 
nitrate.  These  salts  are  recovered  as  a  dry  powder  using  a  conventional  partide  coUedor.  The 
coUeded  powder  is  potentially  salable  as  an  i^ricultural  fertilizer. 

Research  into  radiation  of  flue  gas  was  initiated  by  the  Ebara  Corporation,  Japan,  in  1970. 
These  studies  were  to  define  the  radiation-chemical  reactions  of  SO2  and  NOx  resulting  from 
the  irradiation  of  flue  gases.  The  success  of  these  initial  batch  tests  indicated  excellent 
potential  for  the  Eledron  Beam  process.  Subse(]uent  development  of  the  process  was  the  result  of 
a  joint  effort  by  Ebara  and  the  Japan  Atomic  Energy  Research  Institute  QAERI)  in  1972.  After 
this  joint  effort,  Ebara  was  encouraged  to  build  a  1,000  Nm^/h  heavy-oil  combustion  gas  pilot 
plant  in  1974  to  demonstrate  the  scale-up  prindples  of  the  Electron  Beam  process. 

In  1977,  Ebara,  in  a  joint  effort  with  Nippon  Steel  and  others,  built  and  tested  a  10,000 
Nm^/h  Flue  Gas  Treatment  Demonstration  Plant  to  remove  SO2  and  NOx  the  exhaust  gas 

of  a  steel  sintering  plant 

In  1983,  Ebara  Intematiorud  Corporation  (Predecessor  Company  to  Ebara  Environmental 
Corporation),  under  a  cost  sharing  agreement  with  DOE,  embathed  upon  a  program  to  build  and 
operate  the  Process  Development  Unit  at  Indianapolis  Power  and  Light  Company's  E.  W.  Stout 
plant  near  Indianapolis,  Indiaiu  in  order  to  evaluate  this  process  cm  a  coal-fired  utility  boiler 
flue  gas. 

In  1984,  Researdi  Cotrell  ccmduded  tests  imder  a  contrad  from  the  Department  of  Energy  to 
study  the  effects  of  an  alternate  reagent  on  the  Eledron  Beam  process.  In  1984,  the  Nuclear 
Research  Center  in  Karlsruhe  Germany  and  the  University  of  Karisruhe  built  pilot  scale  plants 
to  study  the  readion  mechanisms  of  the  prcKess.  In  1984,  Badenwerk  utility  built  a  180 
kilowatt,  20,0(X)  Nm^/h  Electron  Beam  pilot  plant.  SirKe  the  500  megawatt  boiler  already  had 
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a  conventional  limestone  SO2  scrubbing  process,  the  testing  addressed  NOx  removal. 

In  1990,  the  Nuclear  Research  Center  in  Karlsruhe  added  a  second  pilot  facility  to  continue 
work  on  mechanisms  and  filtration.  Simultaneously  in  1989,  the  Institute  of  Nuclear  Chemistry 
and  Technology  in  Warsaw,  Poland  built  a  small  laboratory  test  unit  for  this  process  and  began 
planning  a  20,000  Nm^/h  demonstration  facility.  Both  facilities  are  operational  as  of  this 
date.  In  1991,  Ebara  Corporation  built  a  1,000  Nm^/h  test  facility  at  the  Fujisawa  Research 
Institute  to  make  further  studies  to  reduce  capital  and  operating  costs. 

In  1992,  a  12,000  Nm^/h  coal  burning  facility  will  be  completed  in  Nagoya  Japan  at  Chubu 
Electric  Company.  This  facility  will  operate  on  various  imported  coals  to  demonstrate  the 
process  with  a  wide  variety  of  fuels.  Testing  will  be  done  with  two  (2)  and  three  (3)  zones  of 
irradiation  to  reduce  the  operatirrg  costs  of  the  process  and  improve  NOx  removal  efficiencies 
at  lower  power  input. 

Also  in  1992,  a  plant  to  treat  ventilation  gases  from  automobile  tunnels  will  be  operational 
to  reduce  the  amount  of  NOx  unbumed  hydrocarbons  from  entering  the  atmosphere.  This 
plant  has  a  capacity  of  50,000  Nm^/h. 

Highlights  of  each  of  the  research  efforts  will  be  presented  with  emphasis  on  certain 
factors  which  were  important  for  the  next  steps. 

In  addition,  an  in-depth  analysis  of  the  U.S.  efforts  will  be  discussed. 
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ENERGETIC  ELECTRON  INDUCED  PLASMA  PROCESSES  FOR 
REDUCTION  or  VJlD  AND  GREENHOUSE  GASES 
IN  COMBUSTION  FLUE  GAS 

Jen-Shih  Chang 
Department  of  Engineermg  Physics 
McMaster  (Jvveisity 
Hamtton,  Ontario,  Canada  LBS  4M1 


In  gas  cleaning  erf  combustion  flue  gases,  noimally  three  approadies  are  proposed  as  follows: 

1.  Conversiem  of  add  and  greenhouse  gases  to  harmless  gases  such  as  H2O,  N2, 02,  etc 

2.  Conversion  of  add  and  greenhouse  gases  to  reusable  products  such  as  salable 
agricultural  fertilizers,  dry  ice,  etc 

3.  Trapping  reformed  add  and  greenhouse  gas  byproducts  sud>  as  ammonium  sulfate 
aerosols,  ammonium  sulfate  nitrate  aerosols,  carboxylic  add  aeroseds,  carbon  dust,  etc. 

The  energetic  electron  induced  plasma  process  is  one  of  the  most  effective  methods  of 
redudng  SO2,  NOx  and  CO2  from  industrial  flue  gases.  This  flue  gas  treatment  consists  of 
adding  a  sttudl  amount  of  anunrmia,  water  vr^ur  and/or  argrni  gases,  and  irradiating  the  gas 
by  means  of  an  electron  shower  generated  by  an  electron  beam  or  cortma  discharge,  thereby 
cauang  readions  whidi  convert  the  add  and  greenhouse  gases  to  harmless  gases,  aerosols  and 
other  products.  These  products  may  then  be  ooUeded  from  the  flue  gas  by  means  of  conventioiud 
colledors  such  as  an  electrostatic  predpitator  or  baghouse  [1].  In  this  paper,  mechanisms  of 
electron  induced  plasma  processes  for  add  and  greenhouse  gas  deaning  in  a  combustion  flue  gas 
are  proposed.  Detailed  discussion  will  be  presented  for  electron  initiated  molecule 
dissodations,  ion-molecule  reaction  induced  processes^  radical  chemistries  for  molecular  gas 
omverrions,  and  gas  phase  to  partide  convosiem  processes.  Based  on  the  proposed  mechanisms, 
a  critical  review  and  recommendations  are  given  for  a  reactor  des^n,  partide  coUection  systems 
and  energy  effident  flue  gas  temperature  contred  ^sterns. 

[1]  J.  S.  Chang,  P.  A.  Lawless,  and  T.  Yamamoto,  "Corona  Discharge  I*rocesses",  IEEE  Trans. 
Plasma  Science  19, 1152-1166  (1991). 
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(a)  CO2  Reduction  Process 
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(b)  NOx  Oxidation  Process 
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HIGH  PRESSURE  DISCHARGE  AS  A  TRIGGER 
FOR  POLLUTION  CONTROL 


Emmanual  Marode,  Alice  Goldman,  and  Max  Goldman 
Laboratoire  da  Physique  das  Ddcharges 
Centra  National  da  La  Racherchd  SdantiTique 
Ecola  Supdriet^a  d'BacMdtd 
Plateau  da  Mouton  91192  Gif-sur-Yvatte.  France 


High  pressure  plasma  sources  are  nowadays  often  based  on  corona  disdiaige,  a  dassical 
way  to  build  non-thermal  plasnna  reactors. 

Obviously,  high  pressure  discharges  may  be  induced  by  different  kinds  of  electrical 
generators,  ranging  from  DC  to  microwave  generators,  and  various  gap  arrangements,  induding 
dielectric  barriers.  But  if  the  frequency  of  the  electrical  generator  remains  under  the  RF  range, 
induding  DC,  the  most  common  type  of  discharge  invoked  to  be  the  basis  of  the  generated 
plasma  is  corona  dischatge  or  c<»ona  triggered  spark  discharges.  This  paper  discusses  some 
aspects  of  the  coroiui  concept  mainly  under  the  DC  case  whidi  gives  a  basic  image  of  the  various 
coroiui  medumisms. 

The  difficulty  is  that  a  large  number  of  different  discharge  regimes,  and  discharge 
sequences,  are  put  under  the  general  label  of  Corona  discharge.  This  label  is  applied  to  a 
variety  of  visual  appearances  ranging  from  filamentary  shapes  to  diffuse  glows,  and  the 
transient  behaviour  of  discharges  may  largely  depend  on  the  exterrud  configuration.  It  follows 
that  a  careful  insight  on  the  physical  properties  of  the  different  sequences  within  the 
discharge  is  needed. 

The  following  points  may  however  be  stressed.  On  me  side,  in  spite  of  this  impressive 
amount  of  different  aspects,  the  model  offered  by  the  low  pressure  glow  discharge  offers  a 
satisfying  model  to  eluddate  the  cmcept  of  corma  discharge  and  its  transition  to  spades.  On 
the  other  side,  differences  between  low  pressure  and  high  pressure  discharges  gives  the 
spedfidty  of  high  pressure  discharges;  ruunely: 

Space  charge  may  develop  much  more  than  in  the  low  pressure  case  since  the  cathode 
source  of  electrm  may  be  far  away  in  terms  of  electrm  mean  free  path. 

Thermal  effects  are  more  accentuated,  because  the  thermal  conductivity  does  not  follow 
a  pressure  scaling  law  similar  to  disdrarges.  Hydrodyruunic  expansion  may  thus  be 
triggered  in  localized  disdiarge  regiems  leading  to  dgnificant  changes  in  the  neutral 
density  N,  and  consecjuently  in  the  E/N  ratio. 

Within  this  frame,  we  want  to  focus  on  three  different  spedfic  aspects  of  DC  corona 
triggered  phenomerui  present  in  corona  emtroUed  plasma  generation. 

Cmceming  the  Im  Drift  Region 

1.  Corotui  discharge  always  emtains  a  unipolar  regim  of  im  drift.  This  region  may  greatly 
contribute  to  partide  and  dust  charging  effed  and  may  stabilize  the  discharge  by  retarding  the 
spark  formation.  However,  it  may  also  be  considered  as  an  energy  sink  as  far  as  the  objective  is 
to  trigger  some  diemical  reactions  aimed  towards  pollutant  transformations. 

2.  On  the  other  hand,  the  ions  trigger  overall  neutral  movement,  the  "electrical  wind",  due 
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to  momentum  transfer  collisions.  This  phenomenon  may  sustain  an  efficient  mixing  and  a  low 
cost  transport  of  the  various  species  created  by  the  ionizing  discharge  region,  such  as 
dissociated  compounds,  radicals  and  excited  spedes. 

Concerning  the  Active  Transient  Ionization  Region 

The  glow  to  arc  transition,  which  generally  leads  to  a  strong  energy  dissipation  through 
the  spark  phase,  may  be  controlled  and  damped  in  sudi  a  way  that  an  "averted  spark"  non- 
thermal  plasma  is  built.  Within  sudi  plasnus,  the  ratio  E/N  nnay  be  dianged,  if  not  controlled, 
so  that  the  degree  of  gas  dissodation,  exdtation  and  chemical  readivity  may  be  changed 
within  large  proportions. 

This  glow-to-plasma  formation  is  reached  ditferently,  according  to  the  polarity  of  the 
stressed  eledrode. 

In  the  case  of  a  positively  stressed  point  electrode  the  omtrolled  plasma  fomnation  in  air  is 
triggered  via  a  conducting  air  filament  built  up  by  the  propagation  of  a  streamer  iortizing  wave. 
This  holds  for  pressures  ranging  from  some  100  Torr  up  to  several  atmospheres.  Within  this 
filament,  three  main  processes  may  be  identified.  Electron  attachment  tends  to  stop  the 
discharge.  Meanwhile,  the  filamentary  diaimel  is  heated,  leading  to  a  hydrodynamic  channel 
expansion  with  an  assodated  decrease  in  N,  until  ionization  overpasses  attachment.  This 
arises  when  E/N  is  above  a  threshold  value,  allowing  the  discharge  to  restart.  A  plasma  is 
then  formed  whose  features  are  controlled  by  the  external  drcuit.  Spectroscopic  evidence  will 
be  given  to  demonstrate  this  property. 

In  the  case  of  negatively  stressed  electrodes,  streamer  formation  appears  only  at  the 
ultinute  spark  phases.  The  first  step  is  the  development  of  a  continuous  glow.  This  regime 
appears  within  the  range  going  from  the  Trichel  pulse  regime  to  the  spark  formation.  A 
progressively  heated  diarmel  between  the  electrodes  is  formed,  within  whidt  spark  formation 
may  take  place.  One  striking  feature  is  that  less  current  and  energy  is  involved  in  this  spark 
phase  formation  compared  to  the  positive  case. 

Each  of  these  phases  tiuiy  have  their  spedfidties  regarding  their  effidency  for  pollution 
control  applications. 
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APPLICATION  OF  PLASMA  TECHNOLOGY  FOR 
MILITARY  AIR  PURIFICATION  APPLICATIONS 

David  E.  Tevault 

U.  S.  Army  Chemical  Research,  Development  and  Engheering  Center 
Aberdeen  Proving  Ground,  Maryland  21010-5423  USA 


The  US  Army  Chemical  Research,  Development  and  Engineering  Center  (CRDEC)  has 
recently  conducted  an  evaluation  of  plasma  technology  for  military  air  purification 
applications.  Plasmas  offer  several  advantages  over  the  standard  filtration  approach, 
activated  impregnated  carbon,  in  that  all  known  military  chemical  and  biological  warfare 
agent  can  be  decontaminated  by  passing  through  a  plasma  reactor.  Initial  plasma  chemistry 
studies  have  shown,  however,  that  in  certain  cases  toxic  products  can  result  even  when  the 
plasma  reactor  is  challenged  by  non-toxic  vapors.  The  CRDEC-sponsored  technical  evaluation 
of  plasma  air  purification  tedmology  identified  the  reaction  product  and  several  other  areas 
for  futher  work  required  to  mature  plasma  reactors  for  potential  military  application.  These 
areas  will  be  reviewed  along  with  background  fen*  evaluation  of  candidate  air  purification 
technologies. 
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SIMULTANEOUS  REMOVAL  OF  NOx,  COx,  SOx  AND  SOOT 
IN  DIESEL  ENGINE  EXHAUST 

K.  FuJII,  M.  Higashi*,  and  N.  Suzuki* 

Department  of  Electrical  and  Electronic  Engineering 
Faculty  of  Engmeering 
Ibaraki  UniveisSy 

Hitachi-sN,  Ibaraki-ken,  316  Japan 
*ftles  Parts  Co..  Ltd. 

Oota~faj,  Tokyo,  142  Japan 


The  authors  have  been  investigating  the  elimination  of  pollutants  from  the  exhaust  of 
diesel  engine  vehicles  by  employing  plasma  reactors  since  1979.  As  well  known,  exhaust  gas 
recirculation  (EGR)  techniques  have  been  examined  as  a  means  of  eliminating  the  NOx 
component  because  of  the  difficulty  in  utilizing  a  catalyst  due  to  the  large  quantity  of  soot 
included  in  the  exhaust  gas  from  diesel  engines  whidi  damages  the  catalyst's  function. 

The  major  reason  for  the  reduction  of  the  NQx  compcment  by  the  EGR  system  is  considered  to 
be  due  to  the  lowering  of  the  combustion  temperature  in  the  engine  cylinder.  Consequently,  the 
combustion  efficien<y  is  decreased,  thereby  increasing  the  formation  of  soot  The  engine  output 
decreases  and  fuel  consumption  increases;  evoi  the  EGR  rate  is  adjusted  in  accordance  with  the 
cruising  speed  or  load  conditions.  Thus,  ordinary  NO^  reduction  techniques  sacrifice  the  engine 
performance  as  well  as  increasing  other  pollutant^  in  particular,  the  soot  Also,  the  soot  in  the 
EGR  branch  damages  the  performance  of  engine  oil. 

To  elimiiuite  the  soot  in  the  EGR  branch,  the  authors  employed  a  system  which  consisted  of 
a  mechanical  filter  and  a  cyclone  collector  combined  with  an  electrical  collector  which  we 
named  a  "cydone-cottrell  collector^.  The  idea  was  based  on  the  elimination  of  large  size  soot  by 
the  cyclone  collector  mechanically,  and  smaller  size  particulate  by  the  cottrell  collector 
electrically.  In  practice,  however,  not  only  the  soot  was  successfully  collected  in  the  bottom  of 
cyclone  collector,  but  also  the  NOx  oomprment  was  reduced,  although  there  were  several  points 
to  be  improved  under  practical  driving  condition^  for  instance,  the  re-exhaust  of  the  soot  and 
the  break  of  the  wire  electrode  in  the  cottrell  collector. 

In  order  to  overcome  these  shortcomings  of  the  cydone<ottreU  collector,  the  authors  began 
to  mount  a  plasma  reactor  in  various  configurations  downstream  of  the  engine  exhaust  by 
focusing  our  attention  to  the  fad  of  the  reducticm  of  the  NC^  component  by  a  plasma.  In  this 
case,  the  el^’nination  of  the  soot  was  out  of  the  conaderation  as  no  EGR  system  was  employed. 
The  NOx  reduction  was  the  most  severe  and  uigent  subjed  to  be  served.  Fortunately,  by  this  him, 
not  only  the  NOx  reduction  but  also  CQx  and  SO^  reduction  became  available  without  EGR. 

New  Approach  to  Soot  Elimination : 

After  successfully  eliminating  the  NQx,  CO)^  and  SOx  components  by  usiug  not  the  EGR  but 
a  plasma  reador,  the  authors  again  turned  their  attention  to  the  elimination  of  soot  in  the 
diesel  exhaust  gas  from  the  point  of  view  of  suppressing  the  unpleasant  black  smoke  and 
thereby  decreasing  one  of  the  sources  of  air  pollution. 

The  authors  have  now  successfully  developed  a  novel  and  extremely  effective  method  of 
eliminating  soot  and  redudng  NOx,  COx  and  SOx  simultaneously  by  combining  discharge 
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plasma  tediniques  and  oil  dynamics. 

A  discharge  plasma  is  essential  in  order  to  give  the  oil  a  dynamic  structure  by  which  the 
oil  is  efficiently  used  in  the  sprayed  form  for  soot  trapping.  On  the  other  hand,  the  oil 
dynamics  is  also  effective  for  generating  a  uniform  discharge  plasma  along  the  plasma  reactor 
axis;  i.e.,  the  discharge  plasma  and  oil  dyruunics  are  strongly  interdependent.  The  construction 
of  a  plasma  reactor  employed  in  this  experiment  is  as  follows:  The  itmer  electrode  was 
fabricated  from  stainless-steel  rod  of  6  mm  diameter  and  300  mm  long.  A  screw  of  1  mm  pitch 
was  cut  on  its  surface.  The  outer  electrode  was  aluminum  foil  wrapped  around  on  its  surface.  The 
irmer  diameter  of  the  glass  tube  was  165  mm,  and  outer  diameter,  20  nun.  Thus  the  gap  length  in 
the  radial  direction  was  5.4  mm. 

The  discharge  current  flows  in  the  radial  directirm  in  this  gap  and  terminates  to  the  outer 
electrode  through  a  glass-tube  wall  that  is  1.6  rtun  thick.  In  this  experiment,  120  plasma 
reactors  were  used  in  parallel.  Only  an  AC  power  supply  can  be  used  with  sudr  a  discharge 
reactor,  whidi  has  a  dielectric  barrier  between  metallic  electrodes.  A  leakage  transformer  for 
operating  a  necui  sign  tube,  50  Hz,  100  V-15  kV,  20  mA  of  maximum  current  was  used.  Twenty-four 
leakage  transformers  were  employed  in  parallel  for  driving  120  plasma  reactors.  If  the 
elimination  degree  of  NOx,  COx,  SOx  will  be  settled  lower  than  the  maximum  ability  of  the 
reactor,  the  number  of  reactors  and  transformers  can  be  reduced. 

The  soot  was  eliminated  almost  100%  on  the  measuring  base  with  a  Bosh  smoke  tester, 
while  70%  of  the  NOx  SOx  compruients  and  20%  of  the  COx  component  were  removed  at  a 
rotational  speed  of  1200  rpm  (about  30  km/h)  and  a  load  of  7  kg-m  (the  maximum  torque  at  1200 
rpm  is  about  11.4  kg-m),  corresponding  to  about  60%  of  full  load  of  a  2-L  diesel  engine  car. 

In  this  paper,  we  describe  (1)  the  principle  of  the  new  idea  for  pollutant  reduction  by  means 
of  a  combination  of  discharge  plasma  and  oil  dytumics,  (2)  the  structure  of  our  new  plasma 
reactor,  (3)  experimental  results  on  soot  elimination  and  NOx,  and  COx  reduction. 

Typical  numerical  summary  is  as  follows:  (I)  The  input  power  to  120  reactors  at  12  kV  was 
1530  W;  (2)  The  energy  given  to  the  exhausted  gas  was  765  kj/m^;  (3)  NOx  reduction  efficiency 
is  0.75  kj/m?  ppm;  and  (4)  The  energy  consumption  for  soot  coDection  is  15  kj/mg. 

As  a  further  investigation,  the  authors  are  trying  a  treatment  of  the  exhaust  gas  from  a 
gasoline  engine  in  order  to  check  the  ability  of  our  plasma  reactor  whether  any-kind,  every 
density,  and  every  temperature  of  mlet  gas  can  be  treated  into  non-pollutant  cme  or  not.  The  up 
to  date  result  concerning  this  will  also  be  introduced. 
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APPLICATION  OF  E-BEAM  TREATMENT 
TO  FLUE  GAS  CLEANUP  IN  JAPAN 

A.  Maazawa  and  M.  Izutau 

Ebaara  Corporation 
1-S-27.  Kohnan.  Minato-ku 
Tokyo,  Japan 


At  the  present  time,  there  are  three  (3)  projects  utilizing  election  beam  processing  of  gases 
in  Japan.  One  is  at  the  Ebara  Corporation  research  facility  in  Fujisawa,  another  is  at  Chubu 
Electric  Power  Co.,  Inc  in  Nagoya,  and  the  third  is  at  a  Tokyo  Metropolitan  tunnel. 

The  Fujisawa  test  facility  is  a  1,500  Nm^/h  simulated  flue  gas  and  incinerator  gas  process 
plant  for  the  purpose  of  testing  various  methods  to  fine  tune  the  election  beam  process  for 
conunerdal  use.  Various  tests  have  been  poformed,  and  will  be  performed  through  1992  to 
prevent  or  remove  duct  clogging  by  the  byproduct  Additional  testing  was  performed  on  diesel 
trudc  exhaust  gases  and  incinerator  gases. 

The  Chubu  Electric  facility  is  a  12,000  NiiP/h  test  plant  designed  to  treat  various  SOx  and 
NOx  concentration  gases.  This  installation  has  its  own  boiler  and  can  adjust  the  pollutant 
concentration  of  the  flow  gas.  Investigation  to  be  performed  are  process  optiiiuzation, 
confirmation  of  system  and  each  equipment  reliability,  and  byproduct  handling  and  utilization 
studies. 

The  Tokyo  turmel  prefect  is  a  50,000  NnP/h  test  facility  to  test  the  process  on  low  NOx 
exhaust  gases  fiom  a  vehide  turmel  under  Tol^o  Bay.  Studies  will  be  made  to  optimize  a  high 
flow  and  low  pollution  concentration  gas  treatment  system.  In  addition,  the  gases  will  be 
aiudyzed  for  other  hydrocarbons  to  determine  the  effects  of  the  electron  beam  process  on 
unbumed  hydrocarbons. 

All  three  projects  utilize  electron  beam  accelerators  and  various  collector  systeiits 
appropriate  for  their  own  process.  They  also  incorporate  state  of  the  art  process  vessel 
configurations  to  achieve  maximum  removal  effidendes  with  minimum  input  energy. 

This  paper  will  discuss  the  plant  details,  the  test  programs  and  the  results  to  date  from  the 
three  prefects. 
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INDUSTRIAL  APPLICATION  OF  PULSED  CORONA 
PROCESSING  TO  FLUE  GAS 


Luigi  CIvltano 

Jhormal  and  Nuclear  Research  Center 
ENEL  S.p.A. 

56122  Pisa  -  Via  A.  Pisano,  120  Italy 


Among  the  advancing  new  tedmologies  for  the  removal  of  nitric  and  sulfuric  oxides  from 
flue  gases,  a  veiy  interesting  process  is  based  on  the  energization  of  the  gas  with  electrons 
having  eneigies  in  the  range  from  5  to  20  eV.  Tlw  hee  electrons  are  generated  in  the  gas  by  the 
high  electric  field  produced  by  the  space-diarge  fields  on  the  heads  of  plasma  filaments  that 
start  from  a  wire  and  readi  a  plate  in  a  wire-plate  electrode  geometry.  The  plasma  filaments 
are  induced  by  applying  a  pulsed  voltage  between  the  wire  and  the  plate. 

The  electrons  induce  in  the  gas  ionization,  dissociation  and  excitation  processes,  resulting  in 
the  production  of  active  radicals  (O,  OH  HO2).  The  radicals  react  with  NO  and  SO2,  and 
convert  these  partially  into  nitric  and  sulfuric  adds  and  into  NO2.  The  injection  of  a  basic 
compound  (like  ammonia)  neutralized  the  adds  to  form  salt  particulates  that  can  be  removed 
by  a  conventional  electrostatic  predpitator. 

The  main  features  which  make  this  process  attractive  are  the  following: 

-  combined  removal  of  SO2  and  NOx  with  a  single  dry  process; 

-  a  lower  cost  than  traditional  DeNOx-DeSOx  systems; 

-  its  integration  in  existing  electrostatic  predpitators; 

-  the  potential  use  of  the  by-products  as  fertilizers. 

In  this  paper  an  experimental  plant  and  its  results  are  reported. 

The  complete  process  has  been  investigated  with  a  test  rig  installed  in  slipstream  of  the 
flue  gas  duct  f  a  coal  power  plant.  The  test  rig  has  a  wire-cylinder  electrode  strudure,  and  is 
able  to  treat  100  Nm^/h  nominal  gas  flow  rate. 

For  industrial  applications  it  is  preferable  not  to  use  bag  filters.  However,  the  results 
obtained  show  that  the  removal  effidency  for  NOx  is  very  low  in  the  absence  of  excess  of 
ammonia  and  heterogeneous  phase  reactions.  In  (»der  to  overcome  this  inconvenience  the  process 
is  split  into  two  steps.  The  first  step  is  used  prindpally  for  NOx  removal  using  a  very  high 
ammonia  ccmcentiation.  The  second  step  is  used  to  remove  SO2  and  ammonia. 

In  order  to  verify  the  effidency  of  the  process,  the  energy  consumption,  the  aiiunonia  slip, 
and  to  optintize  the  operating  conditions,  experiments  were  carried  out  by  energizing  the  flue 
gas  with  different  SO2  and  NP2  concentration  at  diHerent  temperatures. 

Also  important  is  the  voltage  pulse  length  and  the  distance  between  the  wire  and  the 
plate.  The  geometry  of  the  emitting  electrode  does  not  influence  the  removal  effidency. 

The  results  of  the  experiments  diowed  that  it  is  possible  to  achieve  a  removal  effidency  of 
about  99%  for  sulfur  oxides  and  about  60%  for  nitrogen  oxides.  The  ammonia  slip  is  less  than  1 
ppmV.  The  integration  of  this  DeNOx-DeSOx  prcKess  in  an  electrostatic  predpitator  also 
enables  the  increase  of  the  effidency  of  fly  ash  collection. 

The  chemical  composition  of  the  by-prcxiucts  show  that  it  is  possible  to  put  them  on  the 
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anunonium  sulfate  market  without  any  chemical  processing. 

When  an  industrial  size  power  plant  is  fitted  with  this  DeNOx-DeSOx  process,  an 
economic  analysis  shows  that  the  process  application  overall  cost  is  about  75  x  10“^  U.S. 
dollars  for  eadi  kWh  of  electric  energy  produced  by  the  power  plant. 
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The  electron  beam  treatment  of  polluted  off-gases  involves  very  different  physico¬ 
chemical  mechanisms  like  eneigy  absorption,  gas  phase  reactions,  particle  formation,  and 
heterogeneous  gas-solid  interactions  under  non-equilibrium  conditions.  In  order  to  understand 
the  kinetics  of  the  process,  to  interpret  the  experimental  results,  and  to  predict  economic 
alternatives  or  novel  applications,  the  AGATE  code  has  been  developed  at  KfK.  The  code  uses 
literature  data  for  the  formation  of  prinuuy  reactive  species  due  to  electron  irradiation  and  for 
the  chemical  reactions  initiated  by  the  primary  ^edes.  Different  dose  rate  vs.  time  profiles 
can  be  preset  (constant  dose  rate,  Gaussian  profile,  experimental  profile,  pulsed  irradiation)  to 
calculate  the  temporal  behaviour  of  input  species,  reactive  intermediates,  and  reaction 
products.  The  dependence  of  the  final  calculated  gas  composition  on  the  dose  or  other  selected 
input  parameters  is  directly  comparable  with  experimental  results.  The  sensitivity  analysis  of 
the  reaction  scheme  provides  information  about  the  general  mechanism,  about  important 
intermediates,  about  the  importance  of  reaction  conditions  (e.g.  dose  rate  effects,  relative 
humidity  effects)  and  also  about  the  kinetics  of  certain  reactions.  Some  of  these  results  are 
directly  related  to  practical  applications,  while  others  are  interesting  from  the  point  of  view 
of  basic  research. 

This  paper  describes  the  structure  of  the  AGATE  code  and  discusses  the  importance  of  the 
various  physico-chemical  steps  involved  in  the  electron  beam  treatment  of  flue  gases. 
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+  H2O 

The  experiments  using  and  are  now  continued  to  reveal  the  mechanisms  of  the 

reactions  of  NOx  removal  in  the  process. 

Characteristics  of  Reaction  of  NH3  with  SO2  Without  Electron-Beam  Irradiation 

In  the  process  of  electron-beam  treatment  of  flue  gas,  gaseous  ammonia  is  added  into  the 
flue  gas  just  before  electron-beam  irradiation,  and  a  part  of  SO2  in  the  flue  gas  is  removed 
through  the  reaction  with  ammonia  without  electrcm  beam  irradiation.  Experiments  were  done 
to  clarify  the  characteristics  of  the  reaction.  In  the  experiments,  gaseous  ntixture  of  300-1800 
ppm  SQ2, 225  ppm  NOx,  10%  02/ 10%  CO2, 80%  N2  (diy  base)  and  0-20%  H2O  was  charged  into 
a  glass-made  reaction  vessel  of  1.7  litter  volume  set  in  a  temperature-controlled  oven  and 
gaseous  ammonia  was  introduced  into  the  vessel  independently  through  another  pipe.  As  the 
results,  SO2  of  the  gaseous  mixture  reacted  with  ammonia  in  the  vessel,  leading  to  the  decrease 
of  the  concentrations  of  SO2  and  ammonia,  and  deposition  of  white  powdery  material  on  the 
inner  surface  of  the  vessel.  From  the  observations  in  the  experiments,  it  was  found  that  the 
reaction  proceeds  on  the  surface  of  the  reaction  vessel  at  the  temperature  below  70  in  the 
presence  of  water  vapor.  The  fact  that  the  mot  ratio  of  NH4'*'/S04^'''  was  determined  to  be  as 
small  as  about  1.6  in  the  water  solution  dissolved  the  products  deposited  on  the  irmer  surface  of 
the  vessel  indicates  that  the  products  of  the  reaction  consist  of  not  only  (NH4)2S04,  but  also 
other  materials  such  as  NH4HSO4.  Further  experiments  should  be  done  to  make  the 
mechanisms  of  the  reaction  clearer. 

Enhancement  of  NOx/S02  Removal  Efficiencies 

Enhancement  of  removal  efficiencies  for  NC^  and  SO2  is  an  important  subject  to  reduce  the 
cost  of  the  flue  gas  treatment  process.  Multi-stage  irradiation  was  tested  by  using  gaseous 
mixture,  simulated  flue  gas  from  a  coal-buming  boiler,  to  get  higher  removal  efficiency.  In  the 
triple-stage  irradiation  test,  flowing  gas  (500  ppm  SQ2, 150  ppm  NOx,  6%  Q2, 14%  CO2,  80% 
N2  (dry  base),  12%  H2O)  with  1100-1150  ppm  anrmonia  was  irradiated  three  times  in  the  1st, 
2nd  and  3rd  irradiation  dtamber  with  twice  interruption  of  the  duration  of  0.1  sec  It  was  found 
that  higher  NOx  removal  efficiency  ccnild  be  adiieved  by  double-  and  triple-stage  irradiation. 
The  observed  effect  of  the  multi-stage  irradiation  may  (xrcur  through  the  ccmversion  of  some 
intermediate  products,  which  would  reproduce  NOx  in  single-stage  irradiation,  to  stable 
forms  in  the  interruption  between  irradiations  in  the  multi-stage  irradiaficm.  Irradiation  test 
was  performed  at  lower  temperature  of  gas  to  get  higher  removal  of  SO2  with  lower  dose.  The 
obtained  results  showed  high  SO2  removal  of  over  90%  was  achieved  by  the  irradiation  of  the 
dose  less  than  10  kGy  at  the  gas  temperature  of  65°C. 

The  triple-stage  irradiation  at  lower  temperature  will  be  tested  in  the  pilot-plant,  whidr 
is  now  rmder  construction  in  Nagoya,  Japan,  for  treatment  of  flue  gas  frc»n  coal-buming  boiler  to 
make  the  process  more  economical. 
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EXPERIMENTS  ON  CHEMICAL  REACTIONS 
IN  ELECTRON-BEAM-INDUCED  N0x/S02  REMOVAL 

Oklhlro  Tokunaga  and  HIdaki  Namba 
Japoi  Aton^  Energy  Research  Institute 
TakasaU  Radiation  Chemistry  Research  Establishment 
1233  Watanuki,  Takasaki,  Guruna.  370-12 Jt^yan 

Irradiation  with  election  beams  was  proposed  as  an  effective  method  for  removing  nitrogen 
oxides  (NOx)  and  sulfur  dioxide  (SO2)  in  flue  gases  from  industrial  plants  sudi  as  power 
stations  and  steel  plants.  In  this  process  electrcm-beam  irradiation  causes  conversions  of  NOx 
and  SO2  to  aerosols  which  can  be  collected  by  dectrostatic  precipitators  or  by  bag  filters.  From 
the  results  obtained  by  basic  studies  and  pilot-plant  tests  which  have  been  done  in  Japan, 
Germany,  the  USA,  etc,  the  process  is  cimsidered  to  have  a  potential  to  be  a  simultaneous 
N0x/S02  removal  method  without  production  of  waste  water  to  be  treated.  Three  pilot  plant 
tests  are  now  being  conducted  for  dectron-beam  treatment  of  flue  gas  in  Japan:  (1)  for  removal  of 
NOx  <uid  SP2  fnnn  flue  gas  ftxnn  a  coal-buming  power  planL  (2)  for  removal  of  NQx,  SO2  and 
HCl  from  flue  gas  from  a  municipal  waste  incinerator,  and  (3)  for  removal  of  NOx  exhaust 
gas  from  a  car-tunnel.  A  pUot  plant  is  now  under  operation  in  Poland  for  removal  of  NOx  and 
SP2  from  flue  gas  from  coal-buming  boiler. 

In  parallel  with  the  above-mentioned  pilot  scale  tests,  the  reaction  mechanisms  of 
NOx/SC^  removal  in  the  process  have  been  studied  by  electron-beam  irradiation  experiments 
and  computer  simulation  methods.  To  make  the  reaction  mechanisms  dearer  and  to  make  the 
removal  eflidency  higher,  basic  studies  are  bdng  ccmtinued. 

Experiments  using  gaseous  mixture  done  in  JAERI  showed  the  experimental  evidence  of  the 
conversion  of  NOx  to  nitrogen  molecules  and  diaracteristics  of  the  reacticm  of  SO2  with  NH3 
without  electron-beam  irradiation,  and  that  enhancement  of  NC^/S02  removal  was  achieved 
by  multi-stage  irradiation  at  lower  temperature. 

Formation  of  Nitrogen  Mdecule 

Suffident  material  balance  for  NOx  was  not  obtained  with  the  detected  amounts  of 
ammonium  nitrate  and  dinitrogen  monoxide  as  nitrogen-containing  products  in  the  dectron- 
beam  irradiation  of  gaseous  mixture  of  whidi  compcments  were  dose  to  that  of  real  flue  gas. 
Frcnn  the  results  and  basic  data  on  related  reactions  of  NOx  with  N  atoms  and  NH2  radicals^  it 
was  assumed  that  a  part  of  NOx  might  be  converted  to  nitrogen  molecules  in  the  process. 
Irradiation  experiments  using  gaseous  mixture  containing  ^^NO  were  done  to  deted  the 
formation  of  nitrogen  molecules  in  electr<nt-beam  irradiation  of  the  gas.  When  the  gaseous 
mixture  of  400  ppm  ^®NO,  1720  ppm  SO2,  6.9%  O2,  92J%  N2  (dry  base),  13%  H2O  with  3840 
ppm  ammonia  was  irradiated  with  electron-beam  with  the  dose  of  14  kGy  at  80  °C,  90  ppm 
increase  of  the  concentraticm  of  ^^N^^N  was  observed  in  the  irradiated  gas.  The  fact  indicates 
that  23%  of  400  ppm  ^^N  was  decomposed  to  form  nitrogen  molecules  by  electron-beam 
irradiation.  That  is,  NOx  is  converted  not  only  to  NH4NO3  and  N2O,  but  also  to  nitrogen 
molecule  by  electron  beam  irradiation  in  the  process.  From  the  results  obtained  by  the 
experiments  of  electron-beam  irradiation  of  gaseous  mixture  containing  ^^NO  and/or  ^^NH3, 
the  formation  of  nitrogen  molecules  was  found  to  proceed  through  the  reactions  of  NO  with  N 
atom  and  NH2  radicals  produced  by  electron-beam  irradiaticm  of  the  mixture  as  follows: 
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SO2  AND  NOx  REMOVAL  FROM  FLUE  GAS 
BY  MEANS  OF  LIME  SPRAY  DRYER  FOLLOWED 
BY  ELECTRON  BEAM  IRRADIATION* 

Dennis  J.  Helfritch 
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When  a  high  energy  beam  of  electrons  is  directed  into  flue  gas,  abundant  quantities  of 
radicals  and  free  atoms  are  generated.  The  radicals  and  atoms  containing  oxygen  react  with 
SO2  and  NOx  to  form  adds.  These  adds  can  be  removed  by  reaction  with  an  alkali  to  form 
solid  salts.  These  reactions  are  enhanced  by  high  humidity,  low  temperature  flue  gas.  A  limp 
slurry  spray  dryer  can  be  used  in  order  to  achieve  these  gas  conditions  and  to  supply  the 
required  alkali.  In  this  method  the  flue  gas  first  passes  through  a  spray  dryer,  where  the  gas 
is  cooled  and  humidified  by  means  of  slurry  evaporation,  and  hydrated  lime  in  the  form  of  fine 
particulate  is  entrained  by  the  gas.  Approximately  one-half  of  the  SQ2  reads  with  the 
caldum  hydroxide  in  the  spray  dryer  to  form  caldum  sulfite.  The  gas  is  subsequently  irradiated 
by  an  electron  beam  which  results  in  the  conversion  of  SO2  end  NOx  to  sulfuric  and  nitric  add. 
The  gas  firudly  passes  through  a  fabric  filter  in  whidi  the  adds  read  with  caldum  hydroxide 
to  produce  caldum  sulfate  and  nitrate.  These  products,  as  well  as  entrained  fly  ash  are  removed 
by  the  fabric  filter. 

In  order  to  evaluate  this  concept  and  to  provide  design  guidelines  for  conunerdal  scale 
applications,  a  pilot  scale  spray  dryer,  electron  beanv  fabric  filter  system  was  operated  at  the 
TVA  Shawnee  Steam  Plant  in  Paducah,  KY.  The  pilot  scale  system  processed  a  4000  acfin 
slipstream  from  a  150  MW  coal-fired  boiler.  A 100  mA  continuous  beam  of  750  kV  electrons  was 
used,  yielding  absorbed  dosages  of  up  to  2  Mrad. 

The  objectives  of  the  test  program  were  to  determine  the  relatiortships  between  SO2/NOX 
removal  and  electron  beam  radiation  dose,  gas  temperature,  gas  humidity,  SO2  concentration 
and  lime  usage,  and  to  evaluate  the  economic  viability  of  a  cortunerdal  scale  electron  beam 
system.  This  paper  describes  the  experimental  results.  A  phenomenological  model  is  proposed 
which  accurately  predicts  experimental  results,  and  an  economic  analysis  is  made,  which 
compares  this  system  with  more  conventional  flue  gas  deanup  ^sterns. 

*This  work  was  performed  at  the  TVA  Shawnee  Steam  Plant  under  the  auspices  of  the  US. 
Department  of  Energy  under  Contract  No.  DEFC22-81PC15079. 
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RESEARCH  ON  ELECTRON  BEAM 
FLUE  GAS  TREATMENT  IN  POLAND 

Andrzej  G.  Chmieleweki  and  Zbigniew  Zimek 
Institute  ofNudear  Chemistry  and  Techrtology 
Dorodna  16,  03-195  Warsaw,  Poland 


Two  research  installations,  one  laboratory  and  second  industrial  pilot  plant,  have  been 
constructed  in  Pdand. 

The  laboratory  unit  for  electron  beam  flue  gas  treatment  has  been  built  at  INCT.  Two  gas- 
fired  boilers  generate  flue  gases  of  volume  flow  up  to  400  Nm^/h.  The  compositirm  of  the  gas  can 
be  adjusted  by  additional  uqection  of  the  impurities  whose  reduction  is  investigated.  Anunonia 
and  water  can  be  added  to  the  gas  stream  before  the  reactim  vessel.  The  ILU-6  acoeleratc»'  is 
used  (electron  energy  of  600-1000  keV)  as  an  irradiator.  The  post-radiation  aerosol  is  removed 
from  the  gas  by  a  fabric  filter.  The  installatirm  is  employed  to  perfcmn  experiments  ccmceming 
electron  beam/ microwave  combined  field  applications.  It  is  also  applied  to  analytical  methods 
calibration  and  tests  on  different  filtration  fabric  It  is  also  applied  to  the  degradation  of 
volatile  cuganic  cranpounds  in  flue  gas. 

The  Polish  pilot  plant  for  electron  beam  SO2  and  NOx  removal  from  flue  gas  has  been 
constructed  at  the  Electropower  Station  in  Kaweczyn.  The  gas  flow  capacity  is  20,000  Nm3/h, 
and  it  is  the  biggest  operated  industrial  plant  uang  this  technology.  The  installation  was  built 
on  the  bypass  of  the  main  gas  stream  (25,000  Nm^/h)  of  the  boiler  WP-120.  As  a  fossil  fuel  coal 
of  sulfur  ocmtent  equal  to  0.8  - 1%  is  used.  In  the  ^ray  coder  flue  gas  is  cooled  to  70  -  90  °C  and 
then  ammonia,  in  substoichiometric  quantities,  is  added.  The  mixture  is  treated  by  electitm 
beam  and  solid  product,  being  a  mixture  of  ammonia  sulfate  and  nitrate,  is  removed  in  a  bag 
filter. 

For  the  first  time  in  an  industrial  installation,  step-by-step  irradiation  was  applied.  This 
arraiigement  decreases  the  energy  ccmsumption  in  comparison  to  a  one-step  irradiation  unit. 

Two  point  continuous  monitoring  system  was  used  for  SO2,  NOx,  NO2,  O2  and  fly  ash 
concentration  measurements.  The  PC  data  acquisition  ^stem  collects  and  records  data  from  all 
measurement  points. 

The  results  of  the  industrial  tests  have  proven  that  application  of  two-stage  irradiation 
causes  remarkable  power  reduction  for  NOx  removal  at  high  process  efhaency. 

The  model  of  the  process  based  on  chemical  reaction  theory  has  been  elaborated.  This 
model  was  applied  for  data  correlation,  obtained  on  the  Polish  pilot  plant  and  laboratory 
installations  in  KfK  and  JAERI. 
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INVESTIGATION  OF  SO2  OXIDATION  IN  HUMID  AIR  STREAM 
BY  HIGH  CURRENT  DENSITY  PULSE  ELECTRON  BEAM 

E.  I.  Baranchicov,  G.  S.  Balanky,  M.  A.  Daminaky,  V.  P.  Daniaanko, 
D.  D.  Maaianicov,  B.  V.  Potapkln,  V.  D.  Ruaanov,  A.  M.  Spactor, 
E.  V.  Shulakova,  and  A.  A.  Fridman 
Kurchatov  Institute  (^Atomic  Energy 
Moscow,  123182,  Russia 


The  electron  beam  and  impulse  aHX)na  discharge  technology  of  air  flow  purification  from 
SO2  and  NOx  are  investigated  now  in  many  countries.  One  of  the  main  problems  facing  the 
practical  use  of  these  methods  is  the  reduction  of  the  oxidation  energy  cost.  So  in  case  of 
purification  of  flue  gases  with  SO2  concentration  0.1%  and  conventional  oxidation  energy  cost  10 
eV  per  one  molecule,  it  is  necessary  to  have  more  than  one  hundred  100  kW  accelerators  to  dean 
exhaust  gas  from  a  300  MW  electric  power  plant.  In  the  w(»k  of  Potapkin  et  al.,  it  was  proposed 
that  the  oxidation  energy  cost  can  be  significantly  reduced  in  humid  air  at  a  definite  range  of 
EB  current  density  because  of  the  realization  rrf  drain,  ion-molecular  SQ2  oxidation  mechanism. 
This  work  is  concerned  with  the  experimental  arrd  theoreti.oal  investidation  of  energy  cost 
dependence  of  SO2  oxidation  versus  electron  beam  current  density  and  air  humidity.  The  main 
objective  of  this  work  is  to  find  the  low  energy  cost  SO2  oxidation  regime. 

Experiments  were  carried  out  on  two  experimental  setups  with  different  regime  of  EB 
generatioru  pulse  system  with  dosed  reaction  volume  and  pulse-periodic  flow  EB  system.  Pulse 
EB  experiments  were  made  in  air  mixture  contairung  1%  SO2 , 3.4%  H2O  at  rcxmi  temperature 
and  the  concentration  of  water  steam  remained  constant  during  the  experiment.  EB  current 
density  (pulse  duration  10  s)  was  changed  from  13±0Jxl0'2  A/cm^  to  10'^  A/cm^.  Within 
experimental  errors  the  oxidation  energy  cost  was  proportional  to  the  root  of  the  current 
density.  The  minimum  value  of  energy  cost  of  SO2  oxidation  was  3.2±0.8  eV  at  current  density  of 
1.5x10*^  A/cm^.  This  indicates  the  realization  of  chain  oxidation  mechanism.  Moreover 
theoretical  analysis  show  that  the  root  dependence  of  the  energy  cost  can  be  explained  only  if 
ion-molecular  chain  processes  are  assumed.  The  possibility  of  drain  oxidation  processes  was 
confirmed  by  the  experiments  with  pulse-periodic  EB  flow  system.  The  current  density  of  the 
electron  beam  was  lO*^  A/cm^,  the  flow  rate  was  changed  from  3  cm^/s  to  10  ar?/s.  The 
temperature  of  the  air  mixture  of  the  same  composition  was  up  to  40  °C.  In  accordance  with  the 
results  of  the  pulse  experiments,  the  oxidation  energy  cost  was  2  eV  per  molecule.  It  was  diown 
also  that  chain  effect  can  occur  only  if  air  humidity  is  dose  to  100%. 

Thus  the  results  of  this  investigation  confirm  the  possibility  of  ion-molecule  chain 
mechanism  of  SO2  oxidation  in  gas  phase  and  reduction  of  purification  energy  cost  of  air 
streams. 
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During  recent  years  emissions  from  fossile  fuelled  power  plants  have  been  significantly 
reduced  in  industrialized  countries.  However  only  little  progress  has  been  made  for  emissions 
which  are  low  in  concentration  and  contain  several  components  (organic;,  inorganic  and 
aerosols).  Quite  often  these  emission  are  characterized  by  large  volumes,  which  is  due  to 
specific  process  rec{uirements.  Typical  off-gases  of  this  kind  are  emitted  from  industrial 
processes  (e.g.  coating  of  metal  parts  with  solvent  containing  paints)  and  from  automobile 
tuimels.  The  deaning  of  these  ccdd  off-gases  by  conventional  methods  recpiires  high  investment 
and  operating  costs  due  to  their  energy  consumption.  Therefore  major  process  modifications 
(primary  measures)  and  novel  off-gas  deaning  methods  are  necessary  to  reduce  these 
pollutants. 

Electron  beam  irradiation  provides  a  single  and  safe  method  for  the  simultaneous  removal 
of  organic  traces  frcnn  off-gas.  By  electron  beam  irradiaticm  OH-radicals  are  produced  in  the  off 
gas,  which  subsequently  oxidize  the  pollutants. 

This  paper  describes  experimental  and  theoretical  results,  suitable  to  determine  the 
removal  effidendes  and  energy  consumption  of  electrcm  beam  induced  deaning  of  dilute 
emissions  of  Volatile  Organic  Compounds  (VOC).  The  range  of  application  of  the  process  will 
be  discussed  and  coirq^ared  to  other  conventicmal  dean-up  methcxls. 
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Various  volatile  pollutants  can  be  degraded  by  electron-beam  (EB)  irradiation  or  UV- 
photolysis  in  the  gas  phase.  A  gas  flow  system  handling  such  vapours  is  installed  at  an 
irradiation  unit  consisting  of  an  exdmer  UV  lamp  and  a  low-eneigy  electron  accelerator.  The 
main  characteristics  of  the  irradiation  sources  used  are  as  follows: 

•  low  energy  electron  accelerator 
energy:  150  -  200  keV,  beam  power  05  -  20  W/cm? 

-  incoherent  exdmer  UV-lamp 
KrCl  (222  run),  UV  intensity:  up  to  03  W/cm^ 

Gas  phase  photolysis  or  radiolysis  can  be  iiumitored  under  continuous  flow  conditions,  using 
quadrupole  mass  spectroscopy,  gas  chromatography  and  optical  spectroscopy  as  detection 
methods  (Figure  1). 

The  decomposition  of  chlorinated  hydrocarbons  and  aroiruitics,  e.g.  trichloroethylene, 
vinyl  chloride,  betrzene  and  toluene,  was  studied,  varying  the  irradiation  and  gas  flow 
ditions.  First  results  concerning  rates  and  degree  of  decomposition  under  the  action  of  UV  and 
exposure  are  presented.  Technological  aspects  of  both  alternative  decomposition  procedures 
discussed. 
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DC  DISCHARGE  PROCESSING 
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GLIDING  DISCHARGE  REACTOR  FOR 
H2S  VALORIZATION  OR  DESTRUCTION 

A.  Czernichowski 
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and 
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Hydrogen  sulfide  is  present  in  the  fluids  issuing  from  the  ground  and  in  industrial  gases.  It 
has  always  been  sought  to  destroy  this  pollutant  and  possibly  to  valorize  it.  Various  processes 
have  been  used  for  treating  H2S.  The  hydrogen  is  weakly  bound  to  the  molecule  and  this  fact  is 
the  main  downfall  in  the  dassical  Claus  process  in  which  the  hydrogen  becomes  transformed 
into  water  and  lost  for  all  desulfurization  or  hydrogen  energetics.  Moreover  the  process  carmot 
be  sustained  if  the  CO2  concentration  in  the  gas  exceeds  60%.  Other  processes  lead  to  the 
diluted  H2S  destruction  but  they  require  considerable  volumes  of  apparatus  subjected  to 
corrosion.  They  present  the  further  drawback  of  consuming  a  considerable  amount  of  chemical 
reagents  and  raising  envirorunental  problems  created  by  the  fiiud  products. 

The  only  way  for  H2S  total  valorization  and/or  destruction  goes  through  a  dired  use  of 
eledrical  processes  at  atmospheric  pressures.  Radio-frequency,  microwave  and  capadty-type 
disdiarges  through  H2S  were  already  described  but  none  of  them  could  have  an  industrial 
application  because  of  costs,  produd  separatiorv  low  pressure  use,  and  limitations  in  industrial 
size  power  supplies. 

We  are  developing  new  energy  effident  and  industrial  size  plasma  readors  based  on 
relatively  high  current  gliding  discharges  at  atmospheric  pressiure.  At  least  two  diverging 
eledrodes  are  placed  in  a  fast  gas  flow  and  in  the  flow  diredion.  Gliding  discharges  are 
produced  between  the  electrodes  and  across  the  flow.  A  fast  displacement  of  the  discharge  on 
electrodes  prevents  their  corrosion  by  usually  high  current  arc  establishment  so  we  can  easily 
process  or  overheat  every  kind  of  gas  or  vapor,  cold  or  hoL  at  a  flow-rate  up  to  4,000  tr?/h  and 
at  a  power  up  to  250  kW.  The  eledrical  energy  is  diredly  and  totally  transferred  to  the 
processed  gas.  The  average  voltage  may  range  up  to  10  kV  for  currents  from  0.1  to  50  A  (per 
couple  of  eledrodes).  The  instantaneous  voltage,  current  end  dissipated  electric  power  observed 
via  digital  oscilloscope  show  almost  random  features  of  the  history  of  each  gilding  breakdown. 
This  transient  characteristic  under  atmospheric  pressure  is  sintilar  to  glow  discharge 
charaderistics.  A  large  ionized  gas  volume,  obtained  at  low  energy  density,  gives  an  out  of 
thermal  equilibrium  and  extremely  readive  medium  due  to  the  presence  of  very  active  atomic 
and  molecular  spedes.  This  reador  (GUdArc)  enables  us  to  propose  a  new  electrochemical  gas 
technology  in  which  H2S  can  be  processed  (SulfArc)  by  acting  at  three  H2S  concentration 
levels; 

A  -  total  abatement  and  complete  valorization  of  concentrated  H2S/CO2  mixtures, 

B  -  total  abatement  and  partial  valorization  of  concentrated  or  diluted  H2S, 

C  -  total  abatement  of  very  diluted  H2S. 

Several  tests  have  been  performed  in  a  laboratory  scale  3-  or  6electrode  reador  at  up  to  7 
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m^/h  gas  flow  and  3  kW  power. 

A.  In  primary  experiments  on  H2S  dissociation  (pure  or  mixed  with  H2  or  Ar)  to  hydrogen 
and  sulfur  we  have  fotmd  that  such  a  simple  process  cannot  be  efficiently  performed  probably 
due  to  veiy  fast  recombination  of  hydrogen  with  sulfur  vapour.  We  propose  therefore  n  two-step 
Sulf  Arc  process  of  total  abatement  and  complete  H2S  valorization  described  by  two  successive 
reactions: 

H2S  +  CO2  H20(v)  +  S  +  CO  (endothermic.  0.76  kWh /  Nm^  H2S) 

CO  +  H20( v)  -►  CO2  +  H2  (exothermic,  0.51  kWh /  Nm^  CO) 

The  first  one  can  be  performed  in  our  reactor.  The  shift  reaction  can  then  easily  transform  CO  to 
H2/  the  products  can  be  separated  and  the  CO2  can  be  recycled.  Anyhow  the  Claus  process 
cannot  be  sustained  if  the  CO2  concentration  in  the  gas  exceeds  60%  or  if  the  H2S  concentration 
is  less  than  7%;  in  most  cases  CO2  is  accompanying  H2S  in  natural  fluids  and  the  two  add  gases 
are  hard  to  separate.  In  the  first  experiment  with  H2S/CO2  =  0.69  molar  ratio  at  only  0.36 
kWh  energy  input  per  1  Nn^  of  gas  mixture  we  obtained  39%  H2S  transformation.  It  means  that 
as  much  as  32%  of  input  energy  was  used  to  drive  the  endothermic  reaction  (a  possible  heat 
recovery  is  not  taken  into  account)  giving  a  specific  energy  expense  as  low  as  2.2  kWh/Nm?  CO. 

B.  Our  experiments  show  that  it  is  very  easy  to  completely  "bum”  the  diluted  H2S 
contained  in  air,  CO2  or  steam  to  SO2,  with  the  H2S  concentrations  even  much  lower  than  the 
limit  of  flarrunability.  The  SO2  can  then  be  valorized  to  sulfur  via  a  catalytic  reaction  with 
H2S.  Such  an  electrically  assisted  low-temperature  H2S  indneration  avoids  any  fuel  (and 
extra  air  with  N2  ballast)  addition,  and  a  higher  stem  concentration  in  combustion  products.  In 
a  series  of  experiments  the  electrical  energy  expense  was  0.14  kWh  for  complete  incineration  of 
1  Nm  of  air  containir^  0.7%  H2S,  or  0.17  kWh  when  a  mixture  of  12%  H2S  +  65.4%  CO2  +  33.4% 
air  was  treated  (without  any  preheating).  Sulfur  was  predpitated  from  polluted  geothermal 
steam  contained  3.6  g  H2S  and  236  g  CO2  in  1  kg  of  fluid  without  air  addition  when  023  kWh  of 
electrical  energy  was  injected  to  the  GlidArc  reactmr. 

C.  The  stink  of  H2S  can  be  detected  at  less  than  02  ppm  while  the  threshold  limit  without 
adverse  effects  is  10  ppm.  The  product  of  H2S  indneration  is  SO2,  but  the  smell  can  only  be 
detected  at  3  ppm  (toxic  threshold  limit  5  ppm).  It  is  therefore  suitable  to  transform  very 
diluted  H2S  to  SO2  in  order  to  avmd  at  least  an  dfactory  fatigue.  The  third  version  of  the 
SulfArc  can  provide  total  incineration  of  the  diluted  H25  (or  other  organic  sulfur)  and  solve  the 
odor  nuisance  via  plasma  assisted  oxidation  of  sudt  compounds  to  SO2  whidi  may  be  then 
destroyed  by  absorption  or,  if  very  diluted,  released  to  the  atmosphere. 

The  gliding  electric  discharges  are  found  to  reduce  cortsiderably  the  nuisance  of  existing 
processes  of  industrial  depollution  from  H2S.  The  use  of  such  discharges  brings  to  these 
processes  an  easily  controllable  energy  and  a  flow  of  catalytic  species  (ions,  atoms  and 
radicals).  High  energy  consuming  and  troublesome  thermal  indneration  or  dissodation  at  high 
temperatures  can  be  replaced  by  this  particularly  cold  and  catalytic  plasma  assisted  process  at 
lower  specific  energy  expense. 
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Y.  Sakai  and  H.  Tagaahira 
Department  of  Electrical  Er^ineering 
Hokkaido  University 
Kita-13,  Nishi-8,  Sapporo  060  Japan 


Nitrogen  dioxide  (NO2)  is  one  of  the  most  diffioilt  air  pollutants  for  us  to  get  rid  of 
chemically.  Therefore,  a  lot  of  trials  have  recently  been  done  to  decompose  it  by  corona 
discharge  after  exhaust  in  the  air.  As  well  as  these  trials,  it  is  necessary  to  give  quantitative 
information  about  the  coefficients  representing  the  fundamental  collision  processes  of  an 
electron,  an  ion  and  a  photon  with  an  NO2  molecule  in  a  uniform  electric  field,  which  is 
essential  for  designing  corona  discharge  devices.  In  the  present  study,  we  measured  the 
decomposition  rate  of  NO2  molecules  in  a  uniform  glow  discharge  and  the  electron  impact 
ionization  coefficient  and  attachment  coefficient  in  NP2  gas  of  pressures  between  1  and  7  Torr. 
In  this  experiment  Harrison  type  parallel  plate  electrodes  were  used.  The  decomposition 
process  of  NO2  is  discussed. 

In  NO2  glow  discharges  with  current  densities  between  0.15  and  03  mA/cm^,  with 
increasing  discharge  duration  the  gas  pressure  increased  up  to  around  13  times  of  the  irritial 
pressure  due  to  decomposition  of  NO2.  The  ratio  of  the  final  pressure  to  the  initial  pressure 
increased  slightly  with  increasing  the  initial  pressure.  At  the  same  time  the  intensity  of 
absorbance  of  NO2  was  reduced  significantly  compared  with  the  intensity  before  the  discharge. 
It  was  estimated  from  these  results  that  around  85%  of  NO2  molecules  was  decomposed.  The 
decomposed  species  were  revealed  by  a  gas  chromatography  method  as  NO,  N2O.  N2  and  O2 
molecules.  The  NO  concentration  increased  in  the  initial  stage  of  the  glow  discharge,  and  after 
that  decreased  promptly,  since  NO  is  not  stable  spedes.  The  concentration  of  N2O  was  about  ten 
times  smaller  than  that  of  NO,  but  it  did  not  decrease  so  fast  as  that  of  NO.  The  N2  and  O2 
concentration  ruiturally  increased  with  increasing  the  discharge  duration  and  the  current 
density. 

In  order  to  check  the  propriety  of  the  observation  made  by  the  above  methods,  the 
concentration  of  NO2  and  NO  was  measured  using  a  NO2+NO  detector,  and  the  emission 
spectra  from  the  glow  disduuge  were  observed  as  well.  The  obtained  results  were  consistent  to 
those  obtained  using  the  absorbance  and  the  gas  dvomatography  techniques.  It  was  suggested 
that  in  the  initial  stage  erf  the  disdiarge  NO2  was  mainly  decomposed  into  NO  and  O  by 
relatively  low  energy  electrons,  since  the  E/po  value  in  the  glow  discharge  is  generally 
relatively  low.  The  discharge  voltage  at  a  gas  pressure  of  3  Torr  was  changed  between  400  and 
700  V  depending  on  the  current  density,  and  decreased  slightly  with  increasing  discharge 
duration. 

The  measurement  of  the  electron  impact  iotrization  and  attachment  coeffident  in  NO2  gas 
in  a  E/po  range  between  70  and  380  V/cm/Torr  showed  that  the  ionization  coeffident  in  NO2 
gas  was  srtudler  than  values  in  N2  and  O2  gases  for  E/po  below  200  V/cm/Torr  and  that  the 
attachment  coeffident  was  smaller  than  values  of  SFg  while  it  was  larger  than  values  of  02- 
The  limiting  E/po  in  NO2  gas  was  given  to  be  %  V/cm/Torr. 

*This  work  was  performed  at  Hokkaido  Univerrity  under  the  auspices  of  a  Grant-in-Aid  for 
Sdentific  Research  of  the  Ministry  of  Education,  Sdence  and  Culture. 
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Comenius  University 
Department  of  Plasma  Physics 
Faculty  of  Mathematics  and  Physics 
842 15  Bratislava,  Czecho-Shvalda 


Corona  dischai^ges  are  known  to  produce  the  decomposition  of  various  gases.  That  is  why 
there  has  recently  been  an  increasing  interest  in  the  application  of  corona  discharges  for  a 
treatment  of  waste  gases.  The  removal  effidendes  of  individual  gas  components  from  the  gas 
mixture  are  very  different.  The  removal  effidency  of  one  gas  component  can  be  characterized  by 
its  decomposition  rate  expressed  in  terms  of  chaise  in  the  quantity  of  decomposed  gaseous 
substance  per  energy  unit  dissipated  in  the  discharge  or  per  charge  unit  transported  in  the 
disduuge  gap.  For  low-current  discharges,  sudi  as  corona,  in  whidi  the  dissodaticm  is  governed 
by  electron  collisions,  the  rate  expressed  per  unit  of  the  transported  charge  is  more  convenient. 
The  experimental  studies  of  many  authors  have  shown  that  the  decomposition  rate  is  strongly 
affected  by  discharge  parameters  and  depends  on  physical  and  chemical  properties  of  the 
decomposed  gas.  There  are  gases  for  which  extremely  low  decomposition  rate  in  negative  corona 
is  typical  (CH4,  SF6)-  On  the  contrary,  very  large  removal  effidendes  were  observed  for  CHI3, 
C6H5I  and  C2HCI3  substances.  The  purpose  of  this  woric  is  to  measure  the  decomposition  rate  of 
didiloro-difluorocarbon  -  freon  12  (CFC12)  in  mixtures  with  air  induced  by  negative  glow  corona 
disduuge.  The  efrect  of  ozone  presoice  on  the  decomposition  rate  of  CFC12  was  also  studied. 

Testing  of  decomposition  was  carried  out  using  a  cylindrical  corona  disdiaige  tube  of  15  mm 
inside  diameter  and  1  m  long.  The  central  electrode  was  a  molybdenum  wire  of  0.1  mm  diameter 
at  constant  voltage.  Chemical  analyses  of  the  gas  mixture  were  performed  by  gas 
chromatography  and  UV  spectroscopy. 

A  significant  removal  (around  90  %)  of  freon  molecules  from  the  mixture  of  CFC12  was 
observed.  The  most  striking  feature  was  that  the  decompositirm  rate  increases  with  increasing 
initial  concentration  of  CFC12  in  the  mixture.  The  discharge  current  was  affected  by  the  initial 
concentration  of  CFC12  and  the  concentration  of  ozone  which  is  generated  in  the  discharge  gap. 
The  discharge  current  was  decreasing  accordingly  with  increase  of  ozone  concentration.  The 
saturated  values  of  ozone  concentration  decreased  with  increase  of  initial  concentration  of 
CFC12  in  the  mixture.  The  observed  relationship  between  the  ozone  generation  and  the  freon 
disscxdation  implies  that  the  reaction  of  ozone  with  the  by-products  of  the  freon  disscxriation 
have  an  influence  on  the  decomposition  rate  of  freon. 

Thus  from  the  consideration  of  the  known  attachment  and  bond  dissociation  energies  of 
CFC12,  two  initial  steps  in  the  decompositicm  of  CFC12  can  be  presumed: 

1.  disscKiation  attachment  of  electrons 

c  +  CCI2F2  CCIF 2  ^ 

whidt  is  favored  for  nearly  theimalized  electrons  the  drift  regicxt  of  the  discharge  gap 

2.  the  direct  disscxiaticm  of  CFC12  by  electron  impact 
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C  +  CCl2^2  CCIF2  ^  ® 

followed  by  reactions  of  Cl'  radicals  with  ozone  molecules 

03  +  a  -*C10  +O2 
CIO  +  O  “*  Cl  +  O2 

The  direct  dissociation  is  dominant  in  the  vicinity  of  the  central  wire  electrode  where  the 
energies  of  electrons  are  above  the  C-O  bond  dissociation  energy  «•  43  eV. 

Our  experiments  suggested  some  analogies  between  observed  phenomena  in  corona  discharge 
and  the  phenomena  of  ozone  destruction  in  the  stratosphere  caused  by  emission  of  freon  into  the 
atmosphere.  The  large  efficiency  of  negative  corema  discharge  for  removal  of  freem  traces  from 
air  observed  in  experiments  supported  the  idea  of  employing  the  corona  discharge  for  the 
treatment  of  waste  gases  containing  chlorinated  hydrocarbons. 

*This  work  was  performed  at  the  Department  of  Plasma  Physics  of  Comenius  University  in 
Bratislava  under  the  grand  support  of  the  Slovak  Ministry  of  Education. 
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Approximately  60%  of  the  man-made  greenhouse  effect  is  due  to  emissions  of  carbon  dioxide 
(CO2).  Anthropogenic  emissions  of  CO2  amount  to  8  Gtc/year  (Gigatons  carbon/year).  Of  this 
total  about  6  Gtc  are  due  to  combustion  of  fossil  fuels.  These  emissions  might  lead  to  global 
warming  of  the  surface  of  the  earth.  This,  in  turn,  could  have  very  serious  consequences  for  life 
on  earth. 

One  of  the  suggested  methods  for  mitigating  increasing  greenhouse  gas  emissions  is  to 
remove  CO2  from  the  flue  or  fuel  gases  of  power  plants.  Thereupon  one  could  either  dispose  of 
the  CO2  in  the  ocean  or  on  land  in  empty  gas  wells,  coal  mines  or  salt  domes.  Another 
possibility  would  be  to  recycle  the  CO2,  i.e.  use  it  agam.  One  possible  utilization  of  CO2  on  a 
large  scale  is  the  conversion  of  CO2  with  the  aid  of  hydrogen  to  form  methane  or  methanol. 
This  new  fuel  could  be  used  for  cars  or  power  plants  and  thus  reduce  the  need  for  getting 
additional  oil  or  natural  gas  out  of  the  groimd.  Eventually  the  CP2  m(decule  would  end  up  in 
the  atmosphere.  But  due  to  the  fact,  that  it  has  been  used  twice,  the  overall  emissions  of  CO2 
would  be  reduced. 

In  the  above  case  capture  of  CO2  from  e.g.  the  flue  gases  of  power  stations  would  be 
necessary.  ABB  has  already  installed  a  C02-r«tnoval  unit  in  a  power  plant  at  Shady  Point  in 
Oklahoma.  At  this  location  200  tons  of  CO2  are  separated  from  the  flue  gas  stream  every  day. 
The  product,  which  is  liquid  CO2  and  99.99%  pure,  is  used  in  the  food  industry.  This 
installation  was  the  first  removal  unit  of  its  kind  in  the  world  to  be  used  in  a  power  plant 
running  on  coal. 

The  key  to  hydrogenation  of  CO2  is,  of  course,  the  availability  of  hydrogen.  This  hydrogen 
would  have  to  be  produced  in  a  CQ2-free  way,  e.g.  by  usit^  solar  energy,  hydro  energy,  nudear 
energy  or  biomass  and  reforestation. 

Today  methanol  is  produced  from  carbon  monoxide  (CO)  and  hydrogen,  which  are  derived 
either  from  coal  or  natural  gas  and  steam  at  high  temperatures  (200-270  and  pressures  (50- 
150  bar)  by  using  catalysts.  The  production  of  methanol  from  CQ2  and  H2  is  not  so  well  known.  If 
this  process  should  ever  be  used  on  a  large  scale  in  connection  with  CO2  derived  horn  flue  or  fuel 
gases  then  lower  temperatures  (100-150  and  lower  pressures  (1-30  bar)  would  be  preferable. 
Substantial  woilc  is  needed  before  the  appropriate  catalysts  for  such  a  process  can  be  found.  The 
ultimate  goal  of  this  work  is  to  contribute  to  the  development  of  a  thermal  catalytic  reactor, 
which  works  in  the  above  mentioned  range  and  which  uses  solely  CO2  as  a  feed  gas  for  C  and  O 
atoms. 

In  the  initial  stages  of  this  work  we  used  an  experimental  reactor  to  activate  CO2  and  H2. 
The  reactor  consists  of  a  silent  discharge  tube  made  of  quartz  with  a  metallic  iimer  electrode, 
whidt  can  be  cooled.  A  wire  mesh  is  wrapped  around  the  quartz  tube  and  used  as  a  second 
electrode.  The  silent  discharge  consists  of  a  multitude  of  microdischarges,  whidi  serve  as  a 
source  of  fast  electrais  [1].  These  electrcms^  which  have  a  lifetime  of  only  a  few  nanoseconds  at 
pressures  around  1  bar,  exdte  the  CO2  and  H2  molecules  present  and  thus  initiate  the  reactions 
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which  lead  to  generation  of  higher  hydrocarbons. 

We  have  both  used  the  discharge  with  and  without  a  catalyst.  The  catal)^c  material  was 
deposited  on  a  quartz  "wool”  and  put  into  the  disdutrge  gap  [2].  We  applied  high  voltage  (20 
kV)  of  high  frequency  (25  kHz)  to  a  gap  of  3  mm  width  at  a  pressure  of  1  bar.  Neither  the 
pressure  nor  the  gap  width  were  changed  in  these  initial  experiments.  Only  the  residence  time 
was  adjusted  to  maximize  the  output  of  the  species  generated. 

We  furthermore  established  a  computer  model  of  the  processes  taking  place  in  such  a 
discharge.  By  simulating  a  number  of  microdisdrarges  occurring  in  the  discharge  gap  and 
combiiung  these  with  the  chemical  activity  taking  place,  we  could  calculate  the  species 
generated  both  as  a  function  of  composition  and  temperature  for  a  fixed  time  as  well  as  their 
temporal  development. 

The  modelling  of  the  discharge  behaviour  is  based  on  our  experience  with  modelling  of 
microdischarges  for  ozone  generation  and  production  of  exdmers  in  silent  discharges  [1].  The 
chemical  reactions  used  in  our  model  were  taken  from  [3].  These  reactions  were  extended  by 
reactions  specifying  the  dissociative  interacticm  of  electrons  and  molecules  of  the  kind 

e  +  C02  -*  C0+0+  e 

We  measured  the  carbon  monoxide,  methane  and  methanol  generated  in  an  initial  mixture 
of  CO2  and  H2.  All  the  experiments  were  performed  at  pressures  of  1  bar  and  a  fixed 
temperature.  For  CO2  a  maximum  conversion  (i.e.  moles  CO2  converted/ initial  moles  CO2)  of 
10%  was  obtained  without  a  catalyst.  The  main  products  and  their  selectivities  (i.e.  moles 
formed/ moles  CO2  converted)  were  €0(33%)  and  CH4  (67%). 

By  using  a  catalyst  small  amounts  of  methanol  were  generated.  The  catalytic  material 
consisted  of  a  mixture  of  CuO  and  ZnO  deposited  on  a  quartz  surface.  The  maximum  CO2 
conversion  was  again  10%  and  the  selectivities  were  this  time  28.6%  (CO),  71%  (CH4)  and  0.4% 
(CH3OH).  The  conversion  yields  were  of  the  order  of  Ig  CO2  converted  per  each  kWh  of 
applied  energy  [4].  This,  of  course,  is  far  from  sati^actory  for  an  industrial  process.  At  this 
stage  no  attempts  were  itude  to  increase  the  yield. 

These  experiments  were  of  a  very  preliminary  luiture  and  serve  primarily  as  a  test  of  the 
chemistry  invrdved.  The  questions  of  efficiency  and  eccmomics  were  not  studied  or  considered  at 
this  point.  An  efficient  and  economic  production  of  hydrogenated  CO2  would  presumably  nnake 
use  of  a  catalytic  thermal  reactor. 

[1]  B.  Eliasson  and  U.  Kogelschatz,  IEEE  Trans.  Plasma  Sci.  19,  309-323  (1991). 

[2]  The  catalytic  material  was  prepared  and  supplied  by  Dr.  P.  Brunner,  Vilab  AG,  Berne. 

[3]  W.  Tsang,  /.  Phys.  Chem.  Ref.  Data  16(3),  471-508  (1987). 

[4]  B.  Eliasson,  F.  Simon,  and  W.  Egli,  ABB  Research  Report  No.  CRB-92-002C,  1-43  (1992). 


NATO  ADVANCED  RESEARCH  WORKSHOP  ON 
NON-THERMAL  PLASMA  TECHNIQUES  FOR  POLLUTION  CONTROL 


Kog^lschatz 


71 


UV  PRODUCTION  IN  DIELECTRIC-BARRIER 
DISCHARGES  FOR  POLLUTION  CONTROL 


U.  Kogelschatz 
Asea  Brown  Boveri 
Corporate  Research  Center 
5405  Baden,  Switzerland 


Recent  investigations  in  dielectric-barrier  discharges  (silent  discharges)  revealed  that  in 
certain  gas  mixtures  discharge  conditions  can  be  established  that  favour  the  formation  of 
exdmer  or  exdplex  complexes  [1-3].  Fluorescence  during  the  decay  of  these  unstable  molecular 
complexes  can  lead  to  narrow-band  ultraviolet  or  vacuum  ultraviolet  radiation.  In  many  cases 
the  gas  mixhues  can  be  chosen  in  sudi  a  way  that  only  a  single  emission  band  of  a  few  run  half¬ 
width  is  obtained.  The  plasma  conditions  can  be  optimized  to  yield  UV  efficiencies  of  the  order 
of  10%  in  these  narrow  emission  bands.  So  far,  about  twenty  different  exdmers  radiating  at 
wavelengths  between  120  run  and  560  run  have  been  excited  in  dielectric-barrier  discharges. 
Most  of  them  can  be  run  at  fairly  high  power  denaties  like  exdmer  lasers.  Exdmer  lamps  can  be 
operated  with  sealed  quartz  vessels  using  external  electrodes  unlike  most  commerdal  exdmer 
lasers.  With  certain  exdmer  gas  mixtures  life  times  of  several  hundred  hours  have  been 
demonstrated  using  sealed  tubes. 

The  availability  of  narrow-band  high-intenaty  UV  and  VUV  radiation  can  be  utilized  to 
initiate  a  number  of  selective  photochemical  reactions  [4,5].  Possible  applications  indude 
photochemical  synthesis  as  well  as  the  photodeavage  of  pollutants  such  as  dioxins  and 
chlorinated  hydrocarbons.  While  some  dioxins  like  for  example  TCDD  (2,3,7,8- 
tetrachlorodibenzodioxin)  absorb  UV  radiation  around  3(X)  tun  and  below  250  tun  the  most 
abundant  pollutants  like  TCE  (trichloroethylene)  and  PCE  (tetrachloroethylene)  have 
suffidently  high  absorption  coeffidents  only  at  wavelengths  duHter  than  250  tun.  In  the  range 
190  run-230  run  their  absorption  cross  sections  are  of  the  order  10'^^  cm^. 

Pollution  control  by  UV  radiaticm  becomes  attradive  when  the  dilution  of  the  pollutant  is 
extreme.  Under  such  conditirms  heating  of  the  whole  gas  volume  is  not  econotruc,  chemical 
readion  rates  with  added  oxidants  are  too  slow  and  the  expenditure  of  physical  separaticm 
processes  becomes  prohibitive.  Using  ultraviolet  radiation  two  completely  different 
approaches  can  be  distinguished.  In  the  wavelogth  region  below  about  190  run  the  radiation  is 
mainly  absorbed  by  the  carrier  fluid  (normally  air  or  water)  and  results  in  the  formation  of 
readive  spedes  (0(^D),  0(3p),  O2*  Q3,  OH,  H2O*,  HO2)  which  readily  oxidize  any 
pollutants  present.  Suitable  exdmer  UV  sources  would  be  Xe2*  peaking  at  172  tun  and  ArCl* 
peaking  at  175  tun.  In  this  wavelength  region  the  VUV  radiation  is  used  to  irtitiate  a  free 
radical  chemistry  comparable  to  the  effed  of  y-radiation,  electron  beaiits  or  nonequilibrium  gas 
discharges. 

In  the  wavelength  regicm  k  >  190  run  the  absorption  cross  sections  of  the  pollutants  can  be  six 
to  ten  orders  of  magnitude  larger  than  those  of  the  pradically  transparent  carrier  fluid. 
Consequently  seledive  photodeavage  even  of  extremely  diluted  pollutants  becomes  an 
attradive  and  economic  possibility.  Typical  exdmers  in  this  wavelength  region  are  Krl  at  190 
run,  ArF*  at  193  run,  KrBr*  at  207  nm,  KrCI*  at  222  run,  KrF*  at  249  run,  Xel*  at  253  nm,  XeBr*  at 
283  tun  and  XeO*  at  306  tun. 
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Special  geometrical  configurations  combining  the  UV  generating  dielectric-barrier 
discharge  with  the  photoreactor  for  pollution  processing  will  be  discussed.  In  addition,  special 
configurations  combining  UV  treatment  with  nonequilibrium  discharges  in  the  carrier  gas  will 
be  presented. 

[1]  B.  Eliasson  and  U.  Kogelschatz,  Appl.  Phys.  B46,  299-303  (1988). 

[2]  B.  Gellert  and  U.  Kogelschatz,  Appl.  Phys.  B52, 14-21  (1991). 

[3]  B.  Qiasson  and  U.  Kogelschatz,  IEEE  Trans.  Plasma  Set.  19,  309-323  (1991). 

[4]  U.  Kogelschatz,  Pure  &  Appl.  Chem.  62, 1667-1674  (1990). 

[5]  U.  Kogelschatz,  Apfl.  Surf.  Set.  54,  410-423  (19%). 
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The  investigation  of  dielectric  barrier  discharges  is  of  interest  in  order  to  unde  -stand  e.g. 
ozone  generation  and  th  :;  deterioration  of  insulating  materials  by  partial  disdiaiges  in  high 
voltage  techniques.  Recently  a  growing  number  of  new  applications  have  come  into  focus  like 
the  decomposition  of  complex  molecules  i.e.  for  example  the  processing  of  flue  and  the  removal 
of  waste  gases  or  the  production  of  UV  light.  In  all  cases  it  is  essential  to  understand  the 
fundamental  processes  in  the  discharge  in  detail  in  order  to  assess  the  possibilities  of  this  type 
of  discharge  respectively  to  improve  efficiencies. 

In  general  the  dielectric  barrier  discharge  is  produced  between  flat,  extended  electrodes 
with  at  least  one  of  the  electrodes  covered  with  a  dielectric.  Driven  by  AC  high  voltage  it 
consists  of  numerous  "microdischarges”  temporally  and  spatially  distributed  over  the 
discharge  area.  At  atmospheric  pressure  these  mioodischatges  last  for  several  ten  nanoseconds 
regardless  of  the  frequenry  of  the  supply  voltage  in  a  wide  range.  The  appearance  of  single 
microdisdiaiges  depends  on  the  local  field  corrfiguration  whidt  results  in  a  self  pulsing  system. 
Each  microdischarge  consists  of  a  combination  of  a  volume  discharge  in  the  gap  and  a  surface 
discharge  on  the  dielectric. 

To  model  these  microdischarges  two  methods  have  been  chosen,  a  one-and-a-half 
dimensional  and  a  two  dimensional  modelling.  The  modellings  are  based  on  a  cylindrical 
symmetry  of  the  discharge  for  air  at  atmosph«ic  pressure.  A  set  of  continuity  equations  is 
solved  in  coruiection  with  the  Poisson  equation  in  order  to  take  into  account  space  charge  induced 
distortions  of  the  electric  field.  Unknown  values  of  drift  velocities  of  the  charged  particle^,  and 
reaction  coefficients  have  been  calculated  from  tabulated  cross  sections  solvittg  the  Boltzmarm 
equation  with  a  Monte  Carlo  technique.  Secondary  electron  emission  from  ions  as  well  as 
photoemission  on  the  cathode  is  taken  into  account. 

For  the  one~and-a-half  dimensional  modelling  the  particles  within  the  discharge  column 
have  been  regarded  as  being  uniformly  distributed  over  the  cross  section.  Assuming  the  lateral 
extension  of  the  discharge  being  determined  by  electron  drift,  the  radius  of  the  disdtarge  ca.n  be 
derived  from  experimental  values.  The  surface  discharge  in  the  case  of  a  dielectric  anode  has 
been  taken  into  account  by  assuming  that  the  accumulated  diarges  on  the  dielectric  are  spread 
over  a  disc  with  a  constant  charge  density. 

The  self  consistent  two  dimensicmal  modelling  has  been  based  on  the  coupled  solution  of  a 
set  of  continuity  eejuation  for  each  partide  under  consideration  and  the  Poisson  ecpiation  for  the 
potential  in  axial  as  well  as  in  radial  direction.  In  order  avoid  numerical  diffusion  a  flux 
corredion  te(hru(|ue  has  been  applied. 

From  the  mcxlelling  it  follows  that  the  temporal  development  of  the  microdischarge  can  be 
divided  into  four  phases,  i.e.  an  initial  Townsend  phase,  a  cathode  directed  ionization  wave  or 
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streamer  phase,  a  cathode  layer  formation  phase  and  a  decay  phase.  The  cathode  layer 
formation  as  well  as  the  phenomena  at  the  dielectric  anode  are  studied  in  detail.  The  diameter 
of  the  cathode  layer  defines  practically  the  size  of  the  dischaige  channel  if  the  cathode  is  of 
metal.  The  rate  of  rise  of  the  external  current  is  connected  with  the  velocity  of  the  extension  of 
the  cathode  layer  area.  After  the  formation  of  the  cathode  layer  all  distributions  within  the 
discharge  column  are  nearly  frozen.  Confirmed  by  experimental  results  an  "active  region”  is 
shifting  along  the  dielectric  surface  which  is  able  to  dissociate,  excite,  and  respectively  ionize. 
For  an  example  the  importance  of  different  phases  and  portions  of  the  microdischarge  is 
discussed.  Electron,  field  strength  and  eneigy  density  distributions  are  presented.  Quantitative 
results  for  the  ozone  generation  process  are  given  and  compared  with  experimental  findings. 
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We  report  the  results  of  an  investigation  plasnia  assisted  oxidation  of  SO2  to  SO3.  The 
SO3  is  a  more  desirable  byproduct  of  flue  gas  as  opposed  to  SO2  because  it  can  be  dissolved  in 
water  easily  and  can  be  reacted  with  lime  to  form  gypsum.  A  co-axial  dielectric-barrier 
discharge  is  used  to  generate  an  air  plasma  to  carry  out  the  reaction.  The  dielectric-barrier 
discharge,  which  is  an  interrupted  discharge,  is  very  efficient  in  producing  atomic  oxygen  and 
requires  a  simple  form  of  excitation. 

Since  the  microdischarges  in  the  dielectric  barrier  discharge  are  best  characterized  as 
streamers,  the  typical  electron  density  at  atmospheric  pressure  is  of  the  order  of  03  x  10^^  cm'^. 
The  typical  duration  these  streamers  last  for  is  of  the  order  of2-10nsforalcm  length  gap. 
Using  a  plasma  chemistry  model,  simulations  were  carried  out  to  study  the  time  evolution  erf 
the  species  and  the  effect  of  UV-irradiation  on  the  species  population.  The  simulations  suggest 
that  with  adeeprate  residence  time  (100  ps)  over  96%  of  the  SP2  is  oxidized  to  503,  and 

N2O  are  completely  reduced  to  N2.  Furthermore,  the  UV-irradiation  in  low  level  is  very 
effective  in  dissexiating  ozone,  produced  in  the  discharge,  to  atomic  oxygen.  This  enhances  the 
oxidation  of  the  502  and  over  99%  removal  can  be  achieved  with  10  W/cm^  of  UV-irradiation 
and  residence  time  of  the  order  of  10*^  s. 

The  experimental  work  was  carried  out  in  a  discharge  chamber  which  consists  of  a 
stainless-steel  center  electrcxle,  a  glass  dielectric,  and  an  aluminum  outer  electrode.  From 
oscilloscope  traces  it  was  observed  that  the  microdischarges  appear  on  the  rising  edge  of  the 
voltage  waveform  and  as  the  dielectric  charges  up  the  discharge  is  quenched.  The  negative 
going  pulse  discharges  the  dielectric  and  the  cycle  repeats. 

The  experiments  were  done  at  room  temperature  for  a  pressure  range  of  650  to  760  Texr,  total 
flow  rates  in  the  range  of  1550  SCCM  to  3500  5CCM,  and  5C>2  concentration  in  the  range  of  300 
ppm  to  14,000  ppm.  The  concentration  of  oxygen  in  the  reactor  plays  an  important  role  in  the 
removal  of  502.  The  502  >s  oxidized  to  505  *>*^7  reaction  involving  oxygen  atom 

which  is  produced  in  the  discharge  by  electron  impact  dissexiation.  The  production  of  ozone  is  a 
competing  mechanism  for  loss  of  oxygen  atoms.  The  addition  of  oxygen  molecules  increases  the 
oxygen  atom  concentration.  This  initially  increases  the  percentage  of  5Q2  removal.  However, 
further  increase  in  O2  concentration  favors  ozone  formation  and  thus  depletes  the  atomic  oxygen 
concentration.  At  high  O2  concentration,  the  rate  of  5Q3  formation  becomes  independent  of  the 
O2  concentration. 

We  also  studied  the  effect  of  5O2  concentration  on  502  removal.  5ince  5O2  is  an  attaching 
gas,  at  high  concentrations  it  reduces  the  electron  denaty  which  results  in  the  lowering  of  502 
removal  at  high  502  concentration.  At  low  502  ccmcentration,  the  percentage  of  5C^  removal  is 
high. 

Emission  spectra  from  a  dielectric-barrier  discharge  in  pure  Q2,  and  O2  and  502  mixture 
were  obtained.  The  oxygen  atom  emission  line  at  7775  A  clearly  shows  a  reduction  in  intensity 
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with  the  addition  of  SO2. 

The  proposed  method  is  a  novel,  viable  and  efficient  means  of  SP2/NOX  removal  from 
combustion  and  conversion  facilities.  It  is  applicable  over  a  wide  range  of  pressure  and 
temperature,  and  does  not  require  any  material  regeneratioiv  which  is  a  major  advantage  over 
solid  sorbents.  The  plasma  produced  by  a  simple  voltage  transformer  at  60  Hz  (power  supply 
voltage)  is  an  effective  and  cheap  source  of  plasma  to  cany  out  gas-phase  reaction  of  SO2  and 
NO.  The  simultaneous  removal  of  NOx  will  make  this  an  attractive  alternative  to  other  flue 
gas  dean-up  methods. 

*This  work  was  partially  funded  by  the  Department  of  Energy  through  the  Coal  Technology 
Center  at  Canterville,  Illinois. 
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Investigation  of  the  use  of  Silent  Discharge  Plasma  (SDP)  for  removal  of  oxidizable 
pollutant  compounds  from  air  and  other  oxygen  containing  carrier  gases  has  been  conducted  in 
these  laboratories  since  1984.  As  used  here,  the  term  SDP  refers  to  a  disdraige  ocouring  in  an 
open  space  between  two  insulated  electrodes  connected  to  a  source  of  high  voltage  alternating 
current.  A  glowing  plasma  appears  between  the  insulating  surfaces.  It  appears  to  emit  a 
continuous  glow  but  in  reality  arises  from  a  very  large  number  of  microdischarges  of  short 
lifetinw  but  high  instantaneous  current  whidi  are  generated  by  discharges  from  small  discrete 
regions  in  the  insulators.  The  electron  temperatures  in  the  discharge  are  ca  50,000  K.  These 
impact  the  gaseous  species  present,  primarily  N2  and  Q2  in  an  air  carrier,  to  yield  O-atoms  and 
N-atoms  and  these  in  turn  attack  the  pollutant  molecules  in  a  secondary  process.  Direct 
decomposition  of  pollutants  by  electron  impact  can  occur  but  is  much  less  probable  at  low 
pollutant  concentrations. 

The  importance  of  this  process  as  a  pollutant  removal  process  lies  in  its  broad  spectrum  of 
reaction  capability.  Any  compound,  organic  or  inorganic;  whidi  can  be  oxidized  by  oxygen  atoms 
is  a  potential  candidate  for  removal  by  this  process.  In  prindple,  any  hydrocarbon  could,  with 
suffident  residence  time  in  the  SDP,  be  converted  to  CO2  and  water.  In  practice,  reaction  for  one 
or  two  oxidation  steps  is  suffident  to  convert  the  pollutant  to  a  product  which  is  either  much 
less  undesirable  or  is  more  easily  removed  by  some  scrubbing  process  than  is  the  original 
pollutant.  This,  combined  with  what  we  have  found  to  be  is  a  relatively  low  power 
consumption,  raises  the  possibility  of  a  broadly  protective,  always^n  'electric  filter’  for 
instant  control  of  unexpected  pollutant  emissions.  Clearly,  the  eventual  application  of  SDP  for 
pollution  control  will  require  a  knowledge  of  its  probable  effidency  for  various  oxidations  as 
well  as  prediction  of  probable  reaction  products  from  various  dasses  of  pollutants.  For  these 
reasons,  we  have  investigated  the  basic  reaction  mechanisms  of  the  SDP  process  as  well  as  the 
practical  operating  parameters. 

The  possibility  that  ozone,  whidi  is  concurrently  produced  by  the  attack  of  O-atoms  on 
oxygen,  is  the  secondaiy  oxidizing  agent  is  shoivn  to  be  inconsistent  with  the  kinetic  data  in  the 
case  of  formaldehyde  oxidation  in  an  SDP. 

Our  investigation  of  the  decomposition  in  SDP  of  a  typical  organic  pollutant,  benzene, 
shows  products  diaracteristic  of  attack  by  O-atoms  (phenol)  and  N-atoms  (nitrobenzene)  and 
by  direct  electron  impad  on  benzene  (biphenyl),  but  the  dominant  product  is  phenol  from  oxygen 
atom  insertion. 

Similarly,  we  have  found  that  the  products  of  reacting  HCN  in  an  SDP  using  an  air  carrier 
are  predominantly  the  insertion  products  HNCO  and  HCXIN. 

Extensive  molecular  orbital  calculations  have  been  undertaken  in  an  effort  to  help  map  out 
the  possible  reaction  pathways  for  oxidation  of  complex  molecules  such  as  benzene  from  which 
a  large  number  of  products  have  been  obtained  upon  SDP  oxidation.  These  calculaticms  provide 
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estimates  of  reaction  enthalpies;  from  these  the  most  eneigetically  favored  processes  have  been 
determined.  Those  of  highest  energy  are  predicted  to  be  oxygen  atom  addition  to  the  ring  (232 
kcal/mol)  and  subsequent  ring  opening  to  form  a  bi-radical  (26.6  kcal/mol). 

Experimental  reaction  parameters  important  to  oxidation  by  SDP  have  been  found 
include  voltage,  residence  time  in  the  reaction  zone,  reactor  geometry  (wall  area,  width  of 
discharge  gap)  and  input  power.  All  of  these  are  inter-related  so  that  the  basic  processes 
affected  by  each  is  still  unclear. 

Measurement  of  true  mirumum  operating  power  is  difficult  since  the  coupled  power  is  only 
that  associated  with  the  very  short-lived  microdischaiges  which  occur  randomly  in  time. 
Using  both  thermal  balance  methods  and  an  integration  of  pulse  power,  it  is  estimated  that  the 
minimum  energy  requirements  for  single-step  converaons  is  on  the  order  of  a  few  kilowatt-hr/kg 
of  pollutant. 
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The  conventional  approach  for  the  destruction  of  organic  compounds  is  combustion. 
Although  the  generation  of  bond-deaving  free  radicals  is  usually  accomplished  by  thermal 
methods  (i.e.,  high  temperatures)  or  the  photolysis  of  ozone  or  hydrogen  peroxide,  it  can  also 
be  efficiently  accomplished  by  non-thermal  dectrical  discharge  plasmas.  Copious  quantities  of 
reactive  hee  radicals  can  be  produced  in  a  gaseous  waste  stream  by  dissociating  molecular 
oxygen  with  eneigetic  electrons  in  a  disdiaige.  With  some  water  present,  the  primary  radicals 
are  OH  and  Of^P).  One  promising  tedmology  for  non-thermal  plasma  processing  is  based  upon 
the  "silent  electrical  discharge"  that  has  proven  to  be  industrially  dependable  for  the 
generation  of  large  quantities  of  ozone.  Initial  experimental  and  theoretical  work  on  the  use  of 
these  discharges  for  oxidation  of  SO2  and  NOx  in  moist  air  and  the  destruction  of  selected 
hydrocarbons  and  halocarbons  has  been  quite  successful. 

Silent  discharge  plasmas  (SDP's)  are  commoidy  produced  with  near-atmospheric  pressure 
(1-3  atm)  electrical  discharges.  They  are  frequently  called  dielectric  barrier  discharges  because 
of  their  characteristic  means  of  production.  Typically,  one  or  both  electrodes  are  covered  with 
dielectric  layers  (e.g.  glass)  which  separate  them  from  the  gas.  The  geometry  is  commonly 
either  planar  or  cylindrical,  where  tubes  rather  than  flat  plates  are  used.  This  arrangement  is 
an  old  one,  first  being  employed  by  Siemens  in  1^7  for  the  production  of  ozone.  Because  of  this 
use,  it  is  frequently  referred  to  as  an  ozonizer  configuration.  At  gas  pressures  of  order  one 
atmosphere  and  gap  spacings  of  order  millimeters,  a  few  localized  intense  arcs  would  develop 
in  the  gas  between  the  metal  electrodes  without  the  dielectric  With  a  dielectric  and  the  usual 
application  of  alternating  high  voltages  (50  or  60  Hz  power  frequency  to  several  kHz), 
substantial  quantities  of  plasma  are  created  by  a  large  number  of  "microdischarges"  in  the  gas, 
which  are  statistically  spread  in  space  and  time  over  the  electrode  area.  These 
microdischatges  are  transient  discharges  (usuaUy  thought  of  as  streamers),  fed  by  ionization 
and  detachment  and  then  arrested  when  charge  build-up  on  the  dielectric  reduces  the  electric 
field  in  the  streamer  to  the  point  where  electron  attachment  donunates  ionization  and 
detachment.  The  overall  development  time  for  a  microdischaige  is  quite  short,  for  example, 
only  a  few  nanoseconds  for  oxygen. 

Because  of  the  short  duration  of  the  microdisdiarges  and  the  low  ion  mobilities,  electrical 
energy  in  silent  disdiatges  is  prindpally  coupled  into  electron  channels  -  electrons,  ions,  and 
the  gas  do  not  equilibrate  -  so  the  electrons  are  "hot",  while  the  other  species  are  "cold". 
Because  the  gas  stays  at  near-ambient  temperature,  this  process  is  also  sometimes  called  "cold 
combustion".  A  very  efficient  transfer  of  electrical  energy  to  electronic  excitations  of  molecules 
and/or  chemical  processes  in  the  plasma  is  realized  by  the  SDP  process.  This  property  has  been 
useful  for  over  100  years  in  the  industrial  production  of  ozcme  and,  more  recently,  has  been 
applied  to  the  destruction  of  hazardous  organic  compounds.  We  are  currently  targeting  solvents 
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and  volatile  organic  compounds  (VOC's)  which  contain  halogenated  hydrocarbons  for 
treatment  using  SDP. 

At  Los  Alamos,  SDP  apparatus  has  been  tested  using  a  prepared  gaseous  feed  containing  the 
hazardous  organic  compounds  trichloroethylene  (TCE)  and  carbon  tetrachloride  (CCI4). 
Typical  apparatus  operates  at  a  gas  flow  rate  of  about  10  std  liter/min  and  a  power  range  of 
order  10  W  to  1  kW.  In  representative  experiments  with  a  planar  SDP  reactor,  we  have 
removed  TCE  in  the  gaseous  influent  from  1,000  ppm  concentrations  to  around  100  ppb  in  the 
gaseous  effluent  (CCI4  appears  to  be  more  treatment-resistant).  The  measured  figures  of  merit 
for  the  SDP  reactor  (electrical  energy  per  mass  of  removed  chemical)  are  lO's  of  kW-hr/g  for  » 
99%  removal  of  TCE  and  lOO's  of  kW-hr/g  for  90%  ranoval  of  CCI4,  both  being  non-optimized 
cases  in  terms  of  waste  concentration,  carrier  gas  compoation,  water  content,  flow  rate,  and 
electrical  power. 

Upcoming  experiments  and  field  demonstrafioirs  will  focus  on  lowering  the  final  effluoit 
levels  and  applying  SDP  technology  on  a  practical  industrial  scale.  In  our  Workshop 
presentation  and  paper,  we  will  discuss  experimental  results,  the  results  of  our  modeling  efforts, 
and  our  plans  for  field  demonstrations.  A  particular  research  crmcem  is  determining  and 
preventing  the  production  of  intermediate  and  end-product  chemical  species  that  may  be 
hazardous.  We  envision  that  the  SDP  process  can  eventually  be  developed  to  achieve 
hazardous  compound  reductions  to  levds  of  order  10  ppb  or  lower  in  gaseous  waste  streams. 

*This  work  was  performed  at  the  Los  Alamos  Natirmal  Laboratory  under  the  auspices  of  the 
United  States  Department  of  Energy  under  Contract  Number  W-7405-ENG-36. 
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REMOVAL  OF  ORGANOPHOSPHONATE  CHEMICAL  AGENTS 
FROM  AIR  STREAMS* 


T.  G.  Slanger  and  R.  L.  Sharpless 
Molecular  Physics  Latx)ratory 
SRI  IMemational 

Menlo  Park,  CaUorrm  94025  USA 


The  rationale  of  this  study  was  to  learn  with  what  efficiency  it  was  possible  to  destroy 
chemical  agents  (more  specifically,  the  simulants  DMMP,  DEMP,  and  0,S-DEMP)  by 
interaction  with  discharged  air  products.  Of  particular  interest  to  us  were  oxygoi  and  nitrogen 
atoms,  ozone,  and  02(alAg),  the  lowest  excited  state  of  the  oxygen  molecule.  In  earlier  work, 
Fraser  and  Sheins<m  [1]  had  concluded  that  reactivity  of  such  materials  with  ozone  was  very 
low.  We  were  able  to  demonstrate  a  variety  of  interesting  phenomena  but  the  most  important 
lesson  was  the  finding  that  surface  effects  play  a  dominant  role  in  most  of  the  work. 

The  atom  experiments  were  conducted  by  introducing  the  organophosphonates  (CX^P's) 
downstream  from  a  discharge  in  either  02/Ar  or  N2/Ar.  Titration  of  the  latter  flow  with  NO 
converted  the  N-atoms  to  O-atoms,  resulting  in  much  reduced  levels  of  O2  or  02(a^Ag), 
compared  to  the  oxygen  discharge.  Few  expoiments  with  Qzfa),  combination  of  an  O2  afterglow 
with  O-atom  stripping  by  a  mercury  surface  provided  a  clean  source  of  02(a).  The 
concentrations  of  O  and  N-atoms  were  determined  by  standard  titration  technicpies,  whereas 
the  ccmcentrations  of  the  OGFs  and  02(a)  were  measured  by  VUV  absorption  and  also  mass 
spectrometry. 

The  importance  of  surface  phenomeru  was  cpiickly  established  by  the  observation  that  upon 
interaction  with  the  discharge  products,  the  OGFs  were  cemverted  to  a  condensate  on  the 
flowtube  walls.  Analysis  of  the  material  for  the  case  of  DMMP  +  O-atoms  showed  that  it  was  a 
mixture  of  75%  H3P04  and  25%  H2(CH3)P04.  The  presence  of  this  material  complicated  the 
studies  considerably,  since  it  provided  a  medium  for  trapping  the  added  OGFs,  which  then 
reacted  both  heterogeneously  and  homogeneously.  The  variable  composition  of  the  condensate 
also  ensured  that  the  monitored  gas  phase  concentrations  were  unstable,  and  could  vary  slowly 
over  periods  of  hours  at  fixed  experimental  conditions. 

Interaction  of  the  OGFs  with  O-atoms  provided  a  dramatic  visual  effect  -  a  white  glow 
extended  the  length  of  the  flowtube.  Comparison  of  the  spectrum  of  the  emission  with  the  glow 
from  the  O  +  NO  reactiem  (for  detector  calibration)  showed  that  the  emitter  was  the  PO2 
molecnile,  presumably  originating  with  the  O  -t-  PO  reaction.  This  emissiem  is  known  from  other 
instances  of  O-atom  interaction  with  phosphorous<ontaining  molecules.  The  fact  that  the 
OGP's  equilibrate  with  the  wall  condensate  was  clearly  evident  from  the  fact  that  the  glow 
persisted  for  many  minutes  after  the  OGP  flow  was  stopped. 

Experiments  were  typically  carried  out  with  the  OGP  as  the  minority  species,  but  a 
substantial  excess  of  reactant  was  required,  since  it  was  soon  established  that  up  to  twenty 
atoms  or  more  of  oxygen  were  consumed  for  every  OGP  molecule  destroyed.  Thus,  the 
degradation  products  seem  to  be  at  least  as  reactive  as  the  initial  OGP.  We  note  that  complete 
oxidation  of  DMMP  requires  lOJ  atoms  of  oxygen. 

Of  the  additives  studied,  O-atoms  were  found  to  be  the  most  reactive.  The  OGP/ atom 
reaction  in  an  oxygen  discharge  flow  presented  some  interesting  phenomeru^  since  we  found  that 
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the  atom  loss  for  a  given  OGP  level  was  greatly  enhanced  by  O2  itself,  although  O2  showed  no 
reactivity  on  its  own.  Our  interpretation  is  that  O2  forms  some  intermediate  product  with 
partially  degraded  OOP's  which  reacts  more  rapidly  with  O-atoms  than  does  DMMP.  Similar 
behavior  was  observed  when  NO  was  substituted  for  02,  although  NO  was  much  more  effective 
than  O2  in  this  role;  again,  NO  does  not  react  directly  with  DMMP.  In  all  cases,  it  is  difficult 
to  separate  surface  from  gas  phase  effects. 

A  conaderable  range  of  reactivities  of  the  three  OOP's  with  O-atoms,  N-atoms,  and  ozone 
was  noted;  the  data  we  will  present  is  analyzed  as  if  homogeneous  reactions  were  dominant,  in 
which  case  the  atom  rate  coefficients  range  from  10"'^  to  lO''^  cm?s'^.  For  ozone,  the  range  is 
much  smaller,  1-4  x  cm^s'^.  The  02(a)  molecule  did  not  affect  DMMP  levels,  yet  DMMP 
was  seen  to  quench  P2(a),  one  molecule  of  DMMP  quendiing  four  02(a)  molecules.  This  behavior 
suggests  that  only  physical  quenching  is  involved. 

Reactivity  between  DEMP  and  ozone  was  found  to  be  extremely  low  at  atmospheric 
pressure,  in  accord  with  previous  estimates  [1].  We  believe  that  in  low  pressure  flowtube 
experiments,  ozone  reactivity  is  strongly  enhanced  by  surface  reactions,  and  in  fact,  even  at 
atmospheric  pressure  it  was  possible  to  greatly  accelerate  DMMP/O3  interaction  rates  by 
coating  surfaces  with  phosphoric  add.  It  is  therefore  possible  that  ozone  can  be  an  effective 
means  for  deactivating  OGP's  (or  diemical  agents)  in  a  heterogeneous  system. 

*This  work  was  sponsored  by  the  Aeronautical  Division  at  Wright-Patterson  Air  Force  Base, 
OH. 

[1]  M.  E.  Fraser  and  R.  S.  Sheinson,  Proceedings  of  the  1985  Scientific  Conference  on  Chemical 
Defense  Research  (CRDC-SP-86007),  Chemical  Research  and  Development  Center,  Aberdeen 
Proving  Ground,  MD  (1986),  p.  817. 
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CONTROL  OF  GASEOUS  POLLUTANTS  AND  AIR  TOXICS 
BY  SURFACE  DISCHARGE  INDUCED  PLASMA  CHEMICAL 
PROCESS  (SPCP)  AND  PULSE  CORONA  INDUCED  PLASMA 
CHEMICAL  PROCESS  (PPCP) 

Sanichl  Masuda 

Fukui  Umversity  of  Technology 
No.  415,  3-2-1,  Nish^ahara 
KHa-ku,  Tokyo  114,  Japan 


Surface  Discharge  Induced  Plasma  Chemical  Process  (SPCP)  and  Pulse  Corona  Induced 
Plasma  Chemical  Process  (PPCP)  provide  cost-effective  means  for  the  control  of  almost  all  of 
the  gaseous  pollutants  and  air  toxics  in  a  completely  dry  process.  Although  seemingly  quite 
different,  these  two  processes  are  based  on  essentially  the  same  physical  background  - 
formation  of  highly  nonequilibrium  cold  plasma  in  gas  under  ordinary  temperature  and  pressure 
with  the  aid  of  nanosecond  pulse  discharges.  Namely,  the  AC  surface  discharge  of  SPCP 
consists  of  a  large  number  of  small  scale  nairosecond  pulse  streamer  discharges  with  ca.  10  ns 
risetime  and  20-50  ns  duration  time,  developing  along  the  surface  of  an  insulator  plate  to 
generate  the  plasma  region  in  a  thin  restricted  region  of  gas  near  the  surface.  Whereas  the 
high-voltage  nanosecond  pulse  streamer  coronas  of  PPCP  generates  the  plasma  in  the  gas  gap 
between  the  corona  and  counter  electrodes.  Both  of  them  produce  copious  chemically  active 
radicals  of  oxidizing  or  reducing  natiue,  depending  upon  the  carrier  gas  species,  whidi  either 
oxidize  or  reduce  the  gaseous  pollutants  and  air  toxics,  such  as  NO,  SQ2,  Hg-vapour, 
trichloroethane,  freons,  toluen,  etc. 

The  author  and  his  co-workers  developed  novel  Ceramic-Made  SPCP-Units  of  both 
cylinder  and  plate  types,  both  consisting  of  alumina  ceramic  layer  (92%  purity),  corona 
electrodes  out  of  tungsten  attached  on  its  surface  and  covered  by  high-purity  aluntina  protection 
film  (99%  purity),  and  a  film-like  tungsten-made  induction  electrode  embedded  inside  the 
alumina  layer,  facing  to  the  corona  electrodes  with  05  mm  gap.  The  unit  is  sintered  in  hydrogen 
furnace  at  I5OO  ^C  so  that  both  electrodes  become  firmly  fixed  to  the  aliunina  layer  with  the 
aid  of  ”metalized  layers"  in  the  alumina/tungsten  interfaces.  These  particular  SPCP-units 
have  been  widely  used  since  more  than  5  years,  and  proved  their  unique  features  in  a  very  great 
chemical,  mechanical,  electrical  and  thermal  strengths,  as  well  as  its  compactness.  There  are 
two  modes  in  the  practical  applications  of  SPCP:  Direct  Mode  and  Indirect  Mode.  In  the  Direct 
Mcxle  the  truun  stream  of  gas  containing  pollutants  is  passed  directly  near  the  plasma  region  of 
the  SPCP-units,  while,  in  the  Indirect  Mode,  only  the  working  gas  (N2,  H2,  air,  NH3,  etc.)  is 
passed  through  the  SPCP  reactor  to  become  activated,  imparted  copious  radicals,  and  then  fed 
into  the  main  stream  of  gas  contaiiting  pollutants.  Both  of  them  are  very  efiective  and  useful, 
when  properly  designed,  in  particular  in  terms  of  working  gas  species  and  the  residence  time  in 
the  effective  space  of  the  reaction  chamber. 

The  author  also  developed  a  nanosecond  pulse  power  supply  suitable  to  PPCP,  using  a 
rotary  spark  switdr  (Eldyne  Pulser),  and  obtained  very  satisfactory  results  in  control  of  various 
air  toxics  and  gaseous  pollutants  in  both  laboratory  and  pilot  plant  tests.  The  risetime  of  the 
pulse  voltage  appearing  at  the  corona  electrodes  is  about  50  ns,  depending  upon  the  pulser, 
reactor,  and  feeder  designs,  and  its  half-tail  about  200-5(K)  ns,  with  the  peak  voltage  100-200 
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kV  and  pulse  frequency  50-300  Hz. 

In  general  SPCP  is  suitable  to  the  applications  of  medium  to  smaller,  and  very  small  size, 
and  those  requiring  stronger  radicals  possible  to  decompose  more  difficult  gases  (freon; 
trichloroethane).  Whereas  PPCP  is  suitable  to  the  medium  to  larger  and  very  large 
applications,  where  this  process  should  be  an  integral  part  of  gas  cleaning  system  containing 
electrostatic  precipitator  or  bag-house  as  weU. 

Detailed  description  of  the  hardwares  for  SPCP  and  PPCP  are  presented.  Then,  a  number  of 
test  results  for  SPCP  and  PREP  are  described. 

Finally,  scientific  and  technical  reviews  of  these  two  processes  are  presented,  together 
with  the  future  progranune  of  development  to  make  both  of  them  to  practical  technologies. 
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APPLICATION  OF  CORONA  TECHNOLOGY  TO  THE  REDUCTION  OF 
GREENHOUSE  GASES  AND  OTHER  GASEOUS  POLLUTANTS 

Akira  Mlzuno,  A.  Chakrabarti,  and  Kan  Okazaki 

Toyohashi  University  of  Technology 
Tempaku-cho,  Toyoha^i,  Aichi,  441  Japan 


To  protect  the  environment,  it  has  been  of  interest  to  clean  exhaust  gases  and  to  reduce  the 
emission  of  greenhouse  gases.  Non-equilibrium  plasma  can  possibly  be  used  to  promote  chemical 
reactions  to  reduce  the  emission  of  gaseous  pcdlutants.  One  of  the  authors  compared  the 
efficiency  of  gas  cleaning  by  electron  beam  irradiation,  and  by  pulsed  streamer  corona 
discharge,  using  SO2  as  an  indicator,  and  reported  that  the  pulsed  disdiaige  could  possibly  be 
used  for  gas  cleaning  [1].  One  of  the  authors  have  also  developed  the  AC  energized  ferroelectric 
packed  bed  to  promote  chemical  reactions  [2].  In  this  bed,  many  pulsed  discharges  take  place 
around  eadi  contact  point  of  the  ferroelectric  pellets,  and  the  disduuge  energy  can  be  controlled 
by  changing  the  dielectric  constant  of  the  pellet,  and  by  the  voltage  waveform. 

In  order  to  reduce  the  emission  of  greenhouse  gases  (mainly  CO2),  energy  efficiency  of  the 
use  of  fossil  fuel  should  be  increased.  Co-generation  system  has  a  possibility  to  increase  the 
total  efficiency  to  more  than  80%.  One  of  the  most  difficult  problems  to  be  solved  for  the  system 
using  diesel  or  gas  engine,  is  the  cleaning  of  exhaust  gas,  especially  to  reduce  NOx  emission. 
Development  of  a  compact  deNOx  device  will  therefore  contribute  to  expand  the  use  of  co¬ 
generation  system  in  urban  area,  and  to  reduce  CO2  emission.  In  this  paper,  the  experimental 
results  on  the  reduction  of  NOx,  N2O,  CH4,  and  CO2  are  rqwrted. 

(a)  NOx 

(1)  Utilization  of  pulsed  streamer  corona  discharge  generated  by  square-wave  voltage:  A 
wire-cylinder  electrode  (inner  diameter  20  nun)  having  an  insulator  on  the  inner  surface  of  the 
cylinder,  was  used.  Exhaust  gas  from  a  diesel  eirgine  with  the  NOx  450  ppm  (NO  =  40  ppm) 
was  treated.  The  exhaust  gas  was  cooled  to  room  temperature,  and  introduced  to  the  electrode 
^stem  energized  with  a  positive  squarewave  voltage  of  20  kV  amplitude,  and  230  Hz 
frequency.  During  the  overshooting  period  of  the  voltage,  pulsed  streamer  discharges  can  be 
generated.  NOx  decreased  to  less  than  10  ppm  at  a  treatment  time  of  056  sec,  and  less  than  230 
ppm  (NO  «  80  ppm)  at  0.14  sec  It  was  found  that  the  addition  of  ethylene  enhanced  the 
oxidization  process  of  NO,  and  improved  the  removal  efficiency  of  NOx. 

(2)  Combination  of  plasma  and  catalyzer  A  needle-mesh  plate  electrode  with  a  separation 
of  40  mm  was  used.  Catalyzer  (20  mm  thickness)  was  layered  on  the  mesh  electrode.  Simulated 
flue  gas  with  NOx  *  560  ppm  (NO  =  540  ppm),  P2=  10%  and  C2H4  *4000  ppnv  was  treated  for 
0.7  sec  at  a  temperature  of  240  C.  With  the  square-voltage  on,  the  NOx  decreased  to  260  ppm 
(NO  *  230  ppm),  while  without  the  voltage  the  NOx  remained  at  400  ppm  (NO  *  370  ppm). 

(3)  Combination  of  plasma  and  liquid:  A  wire-cylinder  electrode  was  used.  A  film  of  water 
was  formed  on  the  iimer  surface  of  the  cylinder  electrode.  With  a  squarewave  voltage  of  17  kV 
and  a  treatment  time  of  6.9  sec,  920  ppm  of  NOx  (NO  *  900  ppm)  could  be  reduced  to  260  ppm 
(NO  =  150  ppm). 


(b)N20 
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N2O  is  generated  in  a  fluidized  bed  coal  combustion  furnace.  Test  was  made  to  reduce  N2O 
using  the  same  apparatus  as  described  in  (a.l).  Short  pulsed  voltage  of  1  ps  width  and  120  Hz 
was  applied.  N2O  (1000  or  100  ppm)  in  nitrogen  could  be  decomposed  effectively  with  a 
removal  efficiency  of  more  than  80%.  When  O2  =  1%,  the  efficiency  decreased  to  about  30%.  At 
the  same  time,  peak  value  of  the  cur  nt  pulse  decreased  sharply  to  1/3  to  1/4  of  that  without 
O2.  With  O2  more  than  2%,  N2O  increased  by  about  20%. 

(c) CH4 

The  AC  packed  bed  was  used.  CH4  (2-5  %)  dUuted  in  Ar  was  treated.  The  treatment  time 
was  about  3  sec;  and  a  60  Hz  AC  voltage  of  15  kVeff  was  applied.  About  10%  of  the  CH4  could  be 
decomposed.  It  is  noted  that  the  decomposition  of  CH4  by  the  pulsed  streamer  corona  was  not 
significant.  When  a  mixture  of  CH4  and  H2O  (10%)  was  treated,  formation  of  C2H2,  C2H4  and 
C2H6  was  observed.  With  a  mixture  of  CH4  and  O2,  methanol  and  CO2  were  formed. 

(d) C02 

One  of  the  authors  brought  the  AC  packed  bed  reactor  to  Prof.  Chang  at  McMaster 
University,  for  a  joint  work,  and  carried  out  an  experiment  on  the  reduction  of  CO2.  The  CO2 
concentration  could  be  reduced  by  up  to  18000  ppnv  and  108  g  of  CO2  could  be  reduced  by  1  kWh  of 
prinuuy  applied  energy  used  in  the  padeed  bed  reactor. 

[1]  A.  Mizuno,  J.  S.  Clements,  and  R.  H.  Davis,  in  Conference  Record  of  lEEE/IAS  Annual 
Meeting,  pp.  1015-1020, 1984. 

[2]  A.  Mizuno,  H.  Ito,  and  H.  Yoshida,  Proc.  of  the  Institute  of  Electrostatics,  Japan,  pp.  337-340, 
1988. 
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BY  A  PACKED  BED  REACTOR  AND 
A  PULSED  CORONA  PLASMA  REACTOR 


T.  Yamamoto,  P.  A.  Lawlaaa,  M.  K.  Owan,  and  D.  S.  Enaor 

Research  Triangle  Institute 
P.O.  Box  12194 

Research  Triangle  Park,  North  Carolina  27709  USA 

C.  Boaa 

Chemistry  Department 
North  CaroBna  State  University 
Raleigh,  Noth  Carolina  27695  USA 


Emissions  of  volatile  oi^anic  compounds  (VOCs)  into  the  air  is  an  increasing  environmental 
concern.  With  the  passage  of  the  Clean  Air  Act,  which  requires  increased  levels  of  control  for 
specific  organics,  the  understanding  and  subsequent  development  of  tedmologies  for  controlling 
these  streams  has  been  mandated.  The  conventional  technologies  for  VCXI  control  are  carbon 
adsorption,  catalytic  oxidation,  and  thermal  incineration.  These  technologies  are  widely 
accepted  and  well  understood.  However,  with  respect  to  some  parameters,  sudt  as  concentration 
and  compounds  treated,  cost,  and  energy  requirements,  they  have  associated  practical 
limitations.  For  these  reasons,  a  novel  tedmology  was  explored  using  an  alternating  current 
(AC)  energized  ferroelectric  packed  bed  reactor  and  a  nanosecond  pulsed  corona  reactor  as  an 
alternative  technical  approach  to  control  these  pollutants  at  parts  per  million  levels.  This 
program  was  started  in  1988  under  a  U.S.  Environmental  Protection  Agency  cooperative 
agreement  and  has  also  been  supported  by  the  US  Navy. 

Plasma  Reactors  and  Experimental  Systems:  The  pulsed  cmona  reactor  consisted  of  a  wire-in- 
center  geometry  where  the  pulsed  high  voltage  was  applied,  and  a  grounded  stainless  steel 
tube.  The  wire-to-<ylinder  distance  was  115  mm,  the  effective  wire  length  was  57  mm,  and  the 
wire  diameter  was  0508  mm.  The  pulsed  reactor  employed  a  positive  DC  power  supply  that 
was  altered  to  produce  a  short  pulse  with  an  extremely  fast  rise  time  (approximately  20  ns) 
through  a  rotating  ^ark  gap.  A  sharp-rise  pulsed  corona  produces  streamer  corona  which 
produces  free  electrons  with  only  a  limited  number  of  ions. 

The  packed  bed  reactor  employed  a  high-voltage  AC  power  supply  in  conjunction  with  a 
tubular  reactor  packed  with  a  high  dielectric  BaTi03  pellet  layer.  The  pellets  (1,  3,  and  5  mm 
in  diameter)  were  held  within  the  tube  arrangement  by  two  metal  mesh  electrodes  (25  cm 
separation).  When  external  AC  voltage  (60  Hz)  was  applied  across  the  high  dielectric  layer, 
the  BaTiOs  pellets  were  polarized,  and  an  intense  electric  field  was  formed  around  each  pellet 
contact  point  resulting  in  partial  discharge.  The  reactor  was  filled  with  free  electrons,  as  well 
as  Ti  and  Ba  ions  whidi  were  observed  by  emission  spectroscopy.  These  emissions  may  result 
from  local  heating  near  the  contact  point  where  the  electron  and  ion  bombardment  and  electron 
temperature  are  excessively  high.  Observation  of  the  current  waveform  by  an  oscilloscope 
showed  that  the  current  consisted  of  the  primary  AC  current  and  pulses  with  duration  on  the 
order  of  lumoseoonds. 

The  dissociation/ destruction  efficiency  of  toluene,  methylene  chloride,  and 
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trichlorotrifluoroethane  (CFC-113)  at  50-1,000  ppm  was  evaluated.  The  effects  of  gas  flow 
rate,  concentration,  reactor  operating  conditions,  moisture  content,  and  gas  composition  were 
investigated.  Gas  chromatography  was  used  for  analysis  of  reactant  conversion  for  each  VOC. 
The  concentrations  of  CO,  CO2,  Q3,  NO,  and  NO2  were  measured  at  the  same  time.  Each  VOC 
was  mixed  into  the  gas  stream  before  and  after  the  reactor  for  better  understanding  the 
destruction  mechanisms. 

Results  and  Discussion:  Complete  destruction  was  obtained  for  toluene  using  both  reactors.  The 
conversions  of  methylene  chloride  at  95%  and  CFC-113  at  67%  were  achieved  for  the  pulsed 
corona  reactor  and  somewhat  lower  destructions  for  the  packed  bed  reactor.  Addition  of 
moisture  reduced  the  VOC  destruction  efficiency  as  weU  as  ozone  pitxluction  by  10%. 

For  the  packed  bed  reactor,  the  corona  onset  voltage  decreases  as  the  pellet  diameter 
increases.  Correspondingly,  the  sparking  voltage  increases  with  decreasing  pellet  diameter. 
The  destruction  starts  to  take  place  above  the  corona  onset  voltage,  and  conversion  efficiency 
increases  with  increasing  effective  AC  voltage.  The  destruction  efficiency  increased  with 
decreasing  pellet  size,  increasing  the  residence  time,  and  decreasing  concentration.  Toluene 
mostly  decomposed  into  CO2,  H2O,  and  CO.  The  CO  concentration  reached  700  ppm  near  the 
sparking  for  all  pellet  sizes  although  CO  concentration  was  proportionally  lower  for  lower 
toluene  concentrations.  When  the  pellets  were  replaced  with  3  mm  diameter  glass  spheres 
(dielectric  constant  of  4),  pulsed  waveforms  were  no  longer  observed,  resulting  in  no  destruction. 
This  implies  that  the  molecular  decomposition  is  strongly  associated  with  electron  activity. 

The  pulsed  corona  reactor  has  been  proven  to  destroy  compounds  in  different  destruction 
mechanisms.  Toluene  destruction  achieved  was  essentially  the  same  when  it  was  mixed  into 
the  gas  stream  before  and  after  the  reactor  for  both  O2  and  zero  air,  but  no  destruction  occurred 
for  N2.  The  data  when  the  toluene  is  fed  in  approximately  5  s  downstream  of  the  reactor  also 
yields  very  similar  destruction.  Apparently  the  reactive  species  causing  the  destruction  is  a 
long-lived  species  of  oxygen.  Note  that  a  brownish-yellow  residue  (high  molecular-weight 
compound)  was  observed  on  the  reactor  dectrodes  for  toluene  but  no  residues  for  other  VOCs. 

The  methylene  chloride  post-reactor  testing  showed  that  destruction  was  possible  in  this 
configuration.  The  through-the-reactor  gases  tried  were  zero  air,  oxygen,  nitrogen,  and 
humidified  zero  air.  Destruction  was  achieved  downstream  of  the  reactor  for  all  of  the  inlet 
streams  containing  oxygen.  Inlet  nitrogen  produced  no  destruction.  The  dry  zero  air  produced 
better  destruction  than  the  humidified  zero  air,  but  the  pure  oxygen  stream  produced  the  best 
results  with  destruction  similar  to  that  when  the  VOC  containing  stream  went  through  the 
reactor.  NO  and  NO2  outlet  concentrations  for  these  runs  never  exceeded  3  ppm.  These  data 
show  that  the  mechanism(s)  producing  the  methylene  chloride  destruction  and  the 
mechanism(s)  for  toluene  destruction  are  not  identical.  Toluene  is  destroyed  equally  well 
through  and  after  the  reactor  with  no  noticeable  increase  when  pure  oxygen  is  run  through  the 
reacton  whereas,  methylene  ddoride  is  not  destroyed  as  well  after  the  reactor  and  shows  a 
definite  improvement  when  pure  oxygen  is  used.  This  indicates  that  the  mechanism  that 
destrc^s  the  toluene  is  either  less  dependent  on  direct  contact  with  electrons  or  on  the  short 
lived  species.  Methylene  chloride  destruction  appears  to  have  a  strong  dependence  on  the 
presence  of  oxygen.  Neither  VOC  is  destroyed  using  pure  nitrogen  through  the  reactor 
indicating  that  no  long  lived  nitrogen  species  is  involved  in  the  destruction  process. 

CFC-113  could  not  be  completely  destroyed  and  appears  to  be  volumetrically  limited  in  its 
destruction  ability.  That  is,  a  certain  fraction  of  the  CFC-113  is  in  a  part  of  the  reactcM-  where  it 
will  not  be  destroyed,  regardless  of  the  voltage  of  the  power  supply  or  the  concentration  of  the 
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CFC-113.  This  indicates  that  CFC-113  is  destroyed  either  by  direct  electron  impact  or  by  a  very 
short  lived  product. 

Not  only  can  the  plasma  technology  be  used  to  decompose  a  variety  of  compounds,  but  also 
the  relatioirships  of  concentration  and  residence  time  to  destruction  show  that  increased 
destruction  levels  can  be  achieved  with  increasing  residence  time  and  lowering  concentration. 
Therefore,  this  process  can  be  applied  to  many  practical  situations. 
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During  the  past  several  years;  control  of  NOx  emissions  has  become  a  national  issue.  NOx 
emissions  are  a  leading  contributor  to  add  rain  as  well  as  contributing  strongly  to  photo¬ 
chemical  smog.  Current  state-of-the-art  technologies  have  essentially  reached  their  maximum 
potential.  To  overcome  these  problems,  advanced  processes  have  been  developed  utilizing 
plasmas  that  generate  large  numbers  of  various  radical  spedes  that  promote  the  removal  of 
NOx.  Considerable  research  has  been  ccxiducted  on  e-beam  and  laser  generated  plasiiuis. 
However,  low  energy  effidendes  assodated  with  generation  of  the  high  energy  plasmas  has 
kept  these  prcKesses  from  moving  rapidly  into  commerdal  operation.  Recognizing  the  benefits 
of  the  advanced  high  energy  technic{ues,  a  new  process  based  on  the  generation  of  a  low  energy 
plasrtui,  a  soft  corona  discharge  has  been  developed  that  has  demonstrated  NOx  emission 
control  approaching  99%  reduction.  The  process  is  an  electro-catalytic  prcxress  in  which  the 
electrons  generated  by  the  soft  distributed  cororui  discharge  promote  the  disscKiation  of  the 
NOx  molecules.  The  performance  of  the  current  stateK>f-the-art  systems  is  dependent  upon  the 
oxygen  level  in  the  flue  gas.  This  is  not  the  case  for  this  process.  NOx  reduction  with  this 
prcKess  is  relatively  insensitive  to  oxygen  level.  Greater  than  90%  reduction  is  maintained 
with  flue  gas  oxygen  levels  ranging  from  2  to  15%.  Cost  estirruites  for  this  technology  achieving 
%%  reduction  are  slightly  less  that  of  an  SCR  system  achieving  only  90%.  This  paper  discusses 
the  data  and  provides  a  mechanism  for  the  chemical  kinetics  cKcurring  in  the  systenrt  It  also 
presents  preliminary  cost  data  compared  with  the  current  state-of-the-art  techncrfogies. 
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The  growing  concern  about  the  quality  of  the  environment  has  led  many  Research 
Laboratories  and  Electricity  Boards  to  devote  more  and  more  attention  to  new  technologies  for 
the  removal  of  polluting  agents  from  industrial  flue  gases,  namely  the  fly  ash  and  the  add  rain 
precursors  NOx  ^2- 

The  Italian  program  on  Tlue  Gas  Clean-up”  has  devoted  a  significant  effort  to  test  and 
develop  new  electrostatic  tediniques  for  reducing  the  pollutant  effluent  concentrations  within 
the  permissible  limits  proposed  by  the  Commission  of  the  European  Commimities. 

In  particular  a  Plastiui  Catalytic  Process  has  been  developed  for  simultaneous  NOx  SQz 
removal  by  means  of  impulse  corona  energizaticm  of  the  flue  gas.  With  this  tedmique  ions  and 
oxidizing  radicals  (O,  OH,  OH2,  etc)  are  produced  in  the  flue  gas:  the  reactions  of  NOx 
SO2  with  radicals  form  several  adds  that  can  then  be  neutralized  by  injecting  in  the  gas 
ammonia  or  lime;  the  final  product  can  be  removed  from  the  flue  gas  in  an  electrostatic 
predpitator. 

In  the  present  paper  this  technique  is  briefly  described,  and  the  simulation  models 
developed  in  order  to  understand  the  basic  plasma  processes  and  to  guide  the  engineering 
development  are  described. 

The  simulation  of  the  corona  discharge  has  been  carried  out  in  subsecpient  steps,  which  can 
be  differently  combined,  depending  on  the  spedfic  application: 

1)  the  calculation  of  the  transport  confidents  in  the  flue  gas  nfixture,  on  the  basis  of 
the  electron  collision  cross  sections  in  the  parent  gas; 

2)  the  field  calculation,  either  under  Lapladan  or  Poisson's  conditions,  optimized  for 
the  typical  reaction  chamber  geometries 

3)  the  impulse  corona  simulatioiv  in  which  the  development  and  propagation  of  the 
corona  streamers  is  aiudyzed  and  the  prcxiuction  of  primary  ions  and  radicals  within  the 
gap  is  computed. 

The  results  of  the  streamer  simulation  tiudce  it  possible  to  calculate  the  distributions  of  the 
active  spedes  (positive  and  negative  ions,  exdted  molecules,  and  radicals)  along  the  branches 
of  the  impulse  coroiu. 

As  the  streamer  filaments  follow  the  geometric  lines,  the  structure  of  these  branches 
depends  on  the  geometry  of  the  plasnu  reactor  (wire-cylinder,  wires  between  planes,  etc).  In 
any  case  the  initial  distribution  of  the  active  spedes  is  strongly  non-uniform  within  the  reactor 
vcdume. 

The  non-uniformity  of  the  impulse  corcma  structure  will  disappear  in  some  milliseconds 
because  of  diffusicm  processes  and  turbulent  gas  mixing. 

The  plasma  chemical  reactions  cxcur  therefore  in  two  different  conditions: 

-  the  fast  reactions  (ion  and  radical  conversion)  will  cxrcur  on  a  fast  time  scale,  typically 
some  teirs  of  microseconds,  within  the  corona  filaments  with  high  density  of  the  active 
spedes; 
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-  the  slow  reactions  (chemical  catalysis)  will  occur  on  a  much  longer  time  scale, 
typically  some  seconds,  in  the  homogeneous  gas  phase  with  the  average  densities  obtained 
after  the  gas  mixing. 

In  the  present  paper  the  fast  conversion  reactions  (which  are  almost  the  same  for  any 
plasnta  catalytic  reactor)  are  analyzed  in  detail  and  the  results  of  a  kinetic  computer  model  are 
presented. 

Furthermore,  the  slow  catalytic  reactions  are  discussed  for  two  different  applications 
actually  under  development: 

-  the  simultaneous  reduction  of  nitrogen  and  sulfur  oxides  (NOx  and  SO2)  in  combustion  flue 
gases; 

-  the  "cold  combustion"  of  volatile  organic  ccnnpounds  (VOC)  in  the  ventilation  air  of 
industrial  installations  using  organic  solvents. 
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The  extensive  researdi  on  simultaneous  removal  of  SO2,  NQ(  and  dust  with  pulsed  corona  is 
still  under  development  [1-3].  The  measurements  presented  are  part  of  a  program  to  investigate 
the  streamer  corona  dtaracteristics  and  production  efficiency  of  the  active  radicals  in  real  flue 
gas. 

To  investigate  the  NO  removal  effect  of  nanosecond  corona  dischaige  energization  of  flue 
gas,  a  slipstream  test  rig  was  designed  and  installed  near  vapor  generator  burning  methane.  The 
temperature  and  flue  gas  rate  were  regulated  by  two  sliding  damping.  The  nominal  flue  gas 
conditions  were  gas  flow  rate  of  7  -  31  Nm^/h,  gas  temperature  of  80  •  200  C,  NO  initial 
concentration  of  50-200  ppm,  19%  H2O,  03%  O2,  93%  CO2,  and  71%  N2.  Oxygen  could  be 
injected  in  the  flue  gas  upstream  of  the  concentric  cylinder  dischaige  chamber.  The  wire 
discharge  electrode  had  a  diameter  of  13  nun  and  the  cylinder  electrode  had  a  diameter  of  20 
cm.  A  special  wide-range  Rogowski-type  coil  and  capacitor  divider  were  designed  to  measure 
voltage  and  current  at  the  inlet  of  the  dischaige  reactor.  The  pulse  voltage  had  a  peak  value 
±65  kV,  50  ns  risetime  («•  1  kV/ns),  200  ns  pulsewidth  (FWHM).  The  pulse  repetition  frequency 
was  regulated  up  to  f  >  liOO  Hz. 

The  maximum  energy  dissipated  in  the  discharge  chamber  per  impulse  was  03  J  (f  «  100  Hz 
).  The  maximum  average  dissipated  power  was  260  W  (f  «  1100  Hz).  The  largest  part  of  energy 
was  introduced  in  volume  within  initial  100  ns.  The  input  specific  energy  ranged  from  03  to  24 
Wh/Nm^.  The  length  of  wire  electrode  was  3  m,  that  is  why  the  time  of  electromagnetic  pulse 
propagation  was  10  ns.  At  high  dV/dt  the  pulses  proceed  in  the  reactor  in  the  form  of  traveling 
waves  with  attenuation  due  to  corona.  This  leads  to  complicated  electromagnetic  process  in  the 
reactor  that  is  electric  load  with  distributed 
parameters.  Fig.  1  shows  a  typical  waveform 
of  current  at  two  temperatures  of  gas  stream. 

The  current  is  larger  in  a  positive  corona  than 
in  a  negative  one. 

There  are  reasons  to  believe  from  the 
corona  capacitance  model  [4]  that  the  streamer 
radius  propagation  was  less  than  5  cm.  It  was 
found  that  convection  of  the  gas  was  created 
[5],  whid)  makes  possible  the  production  of 
active  radicals  in  the  full  gas  stream.  The 
amount  of  removed  NO  depeiuis  on  the  energy 
transferred  to  the  gas  with  the  nanosecond 
corona  process,  as  can  be  seen  from  Fig.  2.  It  is 
clearly  shown  in  Fig.  2  that  there  is  a 
nonlinear  correlation  between  the  eiteigy  and 
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the  removed  NO.  There  is  a  good  agreement  for 
experimental  data  represented  in  Fig.  2  with 
identical  initial  NO  concentrations  and  pulse 
voltage  amplitude  when  the  temperature  is 
changed  from  70  ®C  to  160  °C.  The  removed  NO 
was  found  to  increase  with  increasing  initial 
concentration  of  NO  up  to  150  ppm. 

The  removal  efficiency  was  not  more  than 
0.6  when  the  energy  transferred  to  the  gas  was 
less  than  10  Wh/Nm^.  The  degree  of  N  O 
removal  depend  slightly  on  initial  NO 
concentration.  With  an  initial  NO 
concentration  of  90  ppm,  95%  was  removed  at  a 
specific  energy  of  20  Wh/Nm^  when  gas  flow 
rate  was  73  Nm^/h  (gas  residence  time  was  46 
s).  The  efficiency  of  the  discharge  is 
represented  by  the  number  of  NO  molecules 
removed  per  1(X)  eV  of  energy  absorbed  (G 
value).  The  dependence  of  G  on  the  energy 
transferred  into  the  gas  is  shown  in  Fig.  3. 
Although  the  energy  absorbed  per  impulse  in 
the  gas  was  larger  for  positive  polarity  the 
plasma-chemical  efficiency  of  negative  and 
positive  pulses  are  the  same.  The  value  of  G 
measured  in  this  work  is  less  than  that 
measured  in  [1,2].  There  are  reasons  to  believe 
that  this  fact  is  explained  by  lower  oxygen 
concentration  in  these  experiments. 

The  results  obtained  are  of  interest  to  the 
creation  of  techndogy  for  the  abatement  of 
NOx  from*  flue  gas  without  much  oxygen 
concentration. 
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[1]  S.  Masuda,  Pure  &  AppL  Chem.  60,  727-731  (1988). 

[2]  G.  Dinelli  et  <  IEEE  Trans.  Ini.  Appl.  26,  535-541  (1990). 

(31 J.  C.  Clements  et  al.,  IEEE  Trans.  Ini.  Appl  25, 62-69  (1989). 

(41  H.  S.  B.  Elayyan  et  al,  Proc.  VIII  Int.  Conf.  Gas  Disck.  Appl  203-206  (1985). 
(51 R.  H.  Amirov  etal,Proc.XX  ICPIG,  Baiga,  1,  279-300  (1991). 
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PULSED  CORONAL  DISCHARGE  FOR  COMBINED  REMOVAL 
OF  SO2,  NOx  AND  FLY  ASH  FROM  FLUE  GAS* 

George  E.  Vogtiln 

Lawrence  Livermore  National  Laboratory 
Livermore,  California  94550  USA 


The  efficient  removal  of  NOx/  SO2  and  fly  ash  from  flue  gas  is  essential  for  the  optimum 
use  of  coal  for  power  generation.  We  are  exploring  the  use  of  pulsed  corona  in  the  removal  of 
these  pollutants.  Our  approach  utilizes  metal  electrodes  with  a  peak  to  average  field  above  6. 

The  principal  experimental  apparatus  utilized  by  this  effort  uses  a  closed  loop  gas  system. 
This  system  permits  the  introduction  of  various  gas  combinations  prior  to  testing.  Analysis  can 
be  conducted  during  or  after  these  tests.  This  processor  can  accommodate  electrode  geometries  up 
to  two  inches  in  diameter.  The  recirculated  gas  can  be  heated  to  up  to  400  degrees  Fahrenheit. 
Heating  is  important  to  determine  the  effect  on  electrical  discharges,  chentical  reactions  and 
water  content. 

The  processing  chamber  has  been  designed  with  an  outer  pipe  of  two  inches  in  diameter. 
This  tube  can  be  used  as  an  electrode;  other  geometries  of  smaller  dimensions  can  be  placed 
inside.  The  current  reaction  chamber  is  six  indtes  in  length,  but  can  be  increased  as  needed  to 
match  the  impedance  of  the  cable  to  that  of  the  processor  for  maximum  energy  transfer. 
Configurations  tested  for  NO  removal  are  a  0.060  inch  stainless  wire  in  a  1.6  inch  stainless  tube, 
a  0.040  inch  platinum  wire  in  1  inch  tube  lined  with  0.001  inch  platinum  foil,  and  a  center 
conductor  of  05  inch  diameter  thin  brass  discs  spaced  at  0.25  inches  in  a  2  indh  stainless  tube. 

We  have  changed  the  charging  circuit  to  allow  high  pulse  rates.  The  present  system 
performs  well  up  to  20  pulses  per  second.  Most  of  the  data  taken  has  been  at  a  pulse  rate  of  5  pps. 
Part  of  the  reason  for  this  rate  is  that  we  want  mixing  to  take  place  between  pulses.  The  volume 
of  the  reaction  chamber  is  approximately  03  liters  and  the  flow  rate  is  from  3  to  5 
liters/second.  Once  an  optimum  geometry  is  found  we  will  determine  the  efficiency  of  single 
pass  processing.  This  will  include  reducing  the  flow  to  be  just  in  turbulent  flow  and  then 
increasing  the  pulse  rate. 

The  performance  of  the  removal  in  ev/NO  molecule  is  a  function  of  the  NO  concentration. 
We  are  presently  charging  the  system  to  approximately  600  ppmv.  NO  reacts  with  itself  in  the 
presence  of  air  and  the  change  in  concentration  is  proportional  to  the  square  of  the 
concentration.  This  mearts  that  the  natural  rate  of  NO  reduction  at  500  ppmv  is  25  times  that  at 
100  ppmv.  This  effect  must  be  subtracted  from  the  reduction  due  to  pulsed  plasma  processing. 
The  rratural  reduction  of  NO  has  a  negative  temperature  coefficient,  which  means  the  reduction 
is  less  at  higher  temperatures.  At  room  temperature  the  natural  decay  at  500  ppmv  is 
approximately  equivalent  to  twenty  pulses  per  second  pulsed  plasma  processing.  We  feel  the 
present  system  gives  good  data  to  the  500  ppmv  level  and  can  go  to  higher  ppmv  at  higher 
temperatures. 

Measurement  of  efficiency  is  determined  by  measuring  the  current  and  voltage  as  a  function 
of  time.  The  integral  of  the  V*I  product  is  calculated  during  the  pulse  which  gives  the  energy 
per  pulse.  This  value  times  the  pulse  rate  gives  the  total  energy  per  unit  time.  Knowledge  of 
the  volume  and  the  reduction  of  NO  gives  the  efficiency  of  removal.  This  is  calculated  in 
electron  volts  per  NO  molecule. 
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Breakdown  after  the  onset  of  coronal  discharge  can  occur  but  is  a  function  of  the  stress  and 
pulse  length.  We  have  constructed  a  new  processor  this  year  that  can  accommodate  many 
electrode  shapes  at  temperatures  up  to  400  degrees  Fahrenheit. 

*Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy  by  the  Lawrence 
Livermore  National  Laboratory  under  contract  No.  W-7405-ENG-48. 
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HYDROGEN  SULFIDE  DECOMPOSITION 
BY  MEANS  OF  PULSED  CORONA  DISCHARGE* 


Dennis  J.  Hslfritch 
Research-Cottren  Companies 
POBox  1500 

Smnen/iUe.  New  tJersey  08876  USA 


Hydrogen  and  fuel  gas  systems  often  contain  hydrogen  sulfide  as  an  impurity,  especially 
when  derived  from  coal  gasificati<m.  Hydrogen  sulfide  is  usually  present  in  concentrations  up  to 
a  few  percent  by  volume.  The  commercial  use  of  sudi  a  gas  calls  for  its  desulfurization  to  the 
levels  of  .1  ppm  (fuel  cells)  to  10  ppm  (SNG). 

The  methods  generally  used  for  the  desulfurization  of  these  gases  are  liquid  absorption  of 
H2S  by  an  alkanolamine  solution  or  a  sodium  carbonate  solution,  liquid  phase  oxidation  of  H2S 
to  sulfur  by  means  of  dissolved  oxygen  carriers  sudt  as  sodium  vanadate,  and  dry  oxidation  of 
H2S  by  iron  oxide.  Except  for  the  iron  oxide  process,  these  methods  require  several  steps  for 
regeneration  of  the  absorption  liquor  and  for  sulfur  production.  The  iron  oxide  process  is  no 
longer  economic  due  to  the  need  to  replace  and  dispose  of  spent  oxide. 

Some  recent  experimental  studies  lead  to  the  conclusion  that  H2S  decomposition  to 
hydrogen  and  sulfur  can  be  directly  achieved  electronically,  without  the  introduction  of 
chemical  sorbents.  The  chemical  kinetics  of  gas  phase  electronic  H2S  decomposition  is  well 
tmderstood.  Initially,  hydrogen  ions  and  atoms  are  created  through  H2  collisions  with  energetic 
electrons,  and  the  H  atoms  are  active  in  the  conversion  of  hydrogen  siilfide  to  elemental  sulfur 
according  to  the  reactions: 

H  +  H2S-*H2  +HS 
H  +  SH  — H2  +S 

The  energetic  electrons  needed  to  initiate  the  reactions  dted  above  can  be  generated  by 
many  available  teduiologies.  Minimum  required  electron  energy  is  the  ionization  potential  of 
hydrogen,  which  can  be  achieved  in  gas  discharges  such  as  glow  or  arc  Alternately,  high 
energy  electron  beams  can  be  employed  in  which  each  primary  electron  of  energy  on  the  order  of 
one  MeV  produces  thousands  of  hydrogen  ions. 

Experiments  in  H2S  dissociation  have  been  carried  out  utilizing  many  of  these  sources  of 
energetic  electrons.  While  the  work  done  to  date  shows  promise,  many  questions  remain 
urumswered.  Most  of  the  experiments  have  been  done  at  or  below  atmospheric  pressure.  In  order 
to  determine  if  this  electronic  method  has  real-wwld  applicability,  high  pressure  performance 
must  be  demonstrated.  Few  of  the  experimental  investigations  explicitly  dcxuments  the  energy 
efficiency  of  the  electrical  discharge  promoted  molecular  conversion.  Electric  discharge 
chemistry  tends  to  be  energy  intensive,  especially  at  high  pressure,  hence  it  is  necessary  to 
determine  the  energy  efficiency  of  the  process  in  order  to  estimate  commercial  viability. 

This  paper  describes  the  results  of  the  use  of  a  wire-in-tube  corona  reactor,  energized  by 
short  voltage  spikes,  to  decompose  small  concentrations  of  hydrogen  sulfide  contained  in 
hydrogen.  Parameters  investigated  include  the  reactor  geometry,  hydrogen  sulfide 
concentration,  corona  power,  and  the  nature  of  the  product.  A  mathematical  model  is 
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formulated  which  accurately  predicts  experimental  results,  and  a  commercial  scale  design  is 
proposed. 

•This  work  was  performed  at  the  Research  Cottrell  Air  Pollution  Laboratory  under  the 
auspices  of  the  Gas  Researdi  Institute  under  Contract  Number  5087-222-148Z 
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LABORATORY  STUDtES  OF  PLASMOCHEMICAL  OXIDATION  PROCESS 
ENERGIZED  BY  PULSED  STREAMER  DISCHARGES 


V.  A.  Abolentsev,  S.  V.  Korobtsev,  D.  D.  Medvedev, 
V.  D.  Ruesnov,  end  V.  L.  Shlryseveky 

/.  V.  Kurchatov  Institute  of  Atomic  Energy 
123182  Moscow,  Russia 


Oxidation  processes  energized  by  pulsed  corona  and  barrier  discharges  have  been  studied 
experimentally. 

1.  SO2  oxidation  in  air  by  coroiu  disdiarge.  Peak  voltage  amounted  to  50  kV,  repetition 
rate  was  up  to  1  kHz,  pulse  duration  100-500  ns.  SP2  concentration  was  measured  using  infrared 
and  chemical  methods.  The  gas  power  input  was  varied  by  frequency,  peak  current,  and  the 
time  of  action.  The  water  vapour  concentration  varied  up  to  30%  vol.  The  energy  cost  of  the 
process  was  about  15  eV/molec.  The  higher  energy  cost  was  obtained  for  the  case  of  water- 
lacking  system.  The  stable  energy  cost  of  the  process  in  a  wide  range  of  disdtarge  and  gas 
parameters  proves  the  unchained  SO2  oxidation  under  our  conditions.  H2S  oxidation  in  air  was 
studied  in  this  disdrarge  system.  H26  concentration  was  measured  by  UV  technique.  The  energy 
cost  of  the  process  was  approximately  70  eV/molec 

ZPulsed  barrier  discharge  was  made  in  order  to  increase  the  electron  temperature.  Pulse 
duration  in  this  system  is  100  ns.  For  2  mm  gas  gap  the  peak  voltige  was  25  kV.  In  such  sistem 
the  energy  cost  of  the  process  was  15  eV/molec  H2S,  but  only  in  presence  of  the  liquid  water.  In 
presence  of  the  vapour  the  energy  cost  of  the  process  was  approximately  90  eV/molec.  H2S.  The 
concentration  of  the  vapour  water  did  not  affect  the  experimental  results  up  to  appeariance  of 
liquid  water.  H2S  oxidation  in  CH4  and  H2  was  studied  in  this  system  as  well  as  €$2  and 
mercoptans  oxidation  in  air.  The  results  are  given  in  the  table: 


Main  Gas 

Pollutions 

0.1-1% 

Products 

Energy  Cost 
eV/m<dec 

Purification 

Degree 

CH4* 

H2S 

H2SO4 

30 

>99% 

Air 

H2S,  CS2,  Sp2, 
mercoptans 

H2SO4 

15 

>99% 

H2 

H2S 

S 

15 

>99% 

The  models  of  chemical  process  are  discussed.  On  the  basis  of  these  experiments  we  are 
constructing  a  pilot  plant  for  purification  in  the  paper  industry  air  from  H2S  and  mercoptans 
with  an  average  power  of  20  kW. 

*  -additional  input  of  oxygen  with  concentration  near  [H26] 
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EMISSION  SPECTROSCOPY  OF  CORONA  DISCHARGES 


Timm  H.  T*lch 
High  Voltage  Latwatory 
Svinss  FedertJ  Institute  of  Technology 
CH-80922Mch,  Switzertand 


In  gas  treatment  by  electrical  discharges  with  the  aim  of  converting  harmful  gas 
components  to  substances  which  can  either  be  readily  precipitated  or  are  considered  innocuous 
one  can  follow  the  later  reaction  sequences  by  conventional  chemical  kinetics  analysis. 
However,  this  requires  an  input  of  initial  conditions  which  are  laigely  determined  by  excited 
states  and  radicals  directly  or  indirectly  formed  in  the  discharge  itself.  Some  of  these  early 
reactions  can  manifest  themselves  in  the  emission  of  radiation  from  the  discharge  in  the  fairly 
accessible  spectral  range  from  190  to  850  run.  Using  a  short-duration  stimulus  one  can  obtain  the 
time  dependence  of  emission  and  thus  gain  access  to  certain  reaction  rates. 

In  contrast  to  the  time-honoured  and  generally  very  useful  conventional  disdiarge  flow 
technique  where  one  obtains  reaction  rates  by  means  of  converting  a  time  dependence  to  a 
spatial  dependence  of  reactant  and/or  reaction  product  concentration,  the  measurement  of  time 
dependent  emissirm  of  radiation  can  be  useful  over  a  very  wide  range  of  partial  arul  total  gas 
densities  up  to  atmospheric  or  beyond  as  long  as  cme  can  obtain  an  adequate  stimulus  short 
enough  in  comparison  to  the  actual  reaction  time  constants.  Although  some  inf(»mation  can  be 
obtained  from  the  emission  from  a  glow  corotui  which  can  be  operated  readily  at  nearly  all  gas 
denaties,  a  Trichel  pulse  corona  offers  a  regularly  repetitive  short-duration  stimulus  useful  for 
determiiuition  of  reaction  rates  and/or  reaction  origins.  To  generate  a  Tridiel  pulse  corona  one 
requires  fairly  concentrated  negative  ion  formation.  This  sets  a  lower  limit  on  gas  density  (« 
10^^  cm'^)  and  demands  a  gas  which  is  at  least  weakly  electronegative  -  for  example,  0.1%  of 
oxygen  in  Ar  +  N2  can  produce  a  respectable  Tridiel  pulse  disdiarge.  Sometimes  the  Trichel 
pulse  regime  can  be  extended  to  lower  partial  densities  of  the  gas  of  interest  by  addition  of  a 
buffer  gas  (e.g.  Ar  for  H2O)  so  that  exdted  state  decay  can  still  be  investigated  under  these 
conditions  though  the  gas  on  its  own  would  not  produce  a  Trichel  pulse  disdiarge.  Comparison 
measurements  utilizing  an  externally-pulsed  positive  corcma  are  envisaged. 

The  time-integrated  emission  spectra  will  give  some  limited  information  on  gas 
composition  and  luminescent  readions.  Time-gating  the  detedion  circuits  can  immediately 
furnish  further  information  as  to  which  emisdons  originate  from  dired  exdtaticm  by  electrons 
(of  gas  constituents  originally  present)  and  whidi  are  caused  by  subsequent  reactions  of  primary 
discharge  produds.  Once  the  readions  are  identified,  the  time  dependence  of  particular 
emissions  can  be  recorded  to  obtain  the  time  dependence  of  the  density  of  the  assodated  exdted 
states.  A  highly  sensitive  and  very  suitable  method  for  this  is  time-correlated  single  photon 
counting  as  used  in  fluorescence  analysis. 

In  connection  with  flue  gas  treatment  by  discharges  the  formation  of  radicals  reading  with 
nitrogen  oxides  and  the  balance  of  these  oxides  are  of  particular  interest.  The  hydroxyl  radical 
OH  which  is  here  considered  very  important  because  of  its  reactirms  with  NO2,  SO2  and  NH3 
manifests  itself  (at  least  in  its  A  state)  by  OH(A-X)  emission  whidi  decays  rapidly  (some  10'^ 
s)  indicating  a  fast  depletion  of  OH(A).  Dired  exdtation  of  NO  produces  NOy  emission,  while 
the  dominant  emission  from  N2O  is  NOp  which  is,  however,  indiredly  formed:  This  manifests 
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itself  in  a  slow  rise  of  the  emission  which  continues  well  after  the  peak  of  the  corona  current 
pulse.  From  the  light  pulse  shape,  one  can  determine  rough  values  of  the  formation  and 
destruction  rate  constants  for  NO(B).  For  such  evaluation  of  reaction  rates,  it  is  useful  to  have 
the  time  dependence  of  the  electron  density  in  the  active  discharge  region.  For  the  example 
mentioned,  one  can  make  use  of  the  emission  from  N20'^^£)  which  is  evidently  directly  excited 
in  electron  collisions  and  has  a  very  short  lifetime  so  that  this  emission  remains  available  for 
diagnostics  even  in  gas  mixtures  containing  a  high  percentage  of  water  vapour  besides  N2O.  In 
gas  mixtures  containing  N2  (like  standard  flue  gas)  the  emissions  originating  from  N2(C)  can 
serve  for  recording  the  time  dependence  of  electron  density. 

Our  attempts  to  clarify  the  process  of  NO(B)  formation  from  N2O  (precursor  N(2D)  or 
0(^S))  by  way  of  detecting  AiO*  exdmer  emission  [1]  have  so  far  failed  to  give  evidence  of  the 
presence  of  0(^s). 

To  support  efforts  to  simulate  discharges  in  flue  gas,  measurements  of  effective  ionisation 
rate  coefficients  and  electron  drift  velocities  have  been  made  for  a  typical  flue  gas  composition, 
using  the  conventional  FT  method.  Though  it  would  be  desirable  to  obtain  excitation  rate 
coefficients  etc  also  at  given  constant  values  of  reduced  field  strength  E/n  instead  of  the  wide 
range  of  E/ n  encountered  in  any  corona  discharge,  such  measurements  present  severe  problems  of 
intensity,  filtering  and  imaging  and  have  thus  •  for  the  time  being  -  not  been  further  pursued. 

Systematic  studies  of  specific  emissions  from  corona  discharges  are  being  expanded  and 
should  in  time  contribute  further  to  surveying  and  elucidating  the  early  processes  in  discharge 
treatment  of  polluting  gases  and  are  also  contributing  to  provision  of  quantitative  rate 
information  much  of  which  is  so  far  scarce  for  situations  in  whidr  electronically  excited  states 
are  as  important  as  they  are  in  discharges. 

[1]  K.  Yuasa,  44th  Annual  Gaseous  Electronics  Conference  (1991),  paper  PB-4. 
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ELECTRICAL  AND  OPTICAL  INVESTIGATION 
OF  PULSED  STREAMER  CORONA* 

Y.  Crayghton,  E.  M.  van  Valdhulzan,  and  W.  R.  Rutgara 
Eindhoven  University  of  Technology. 

FOB  513.  5600  MB  Eindhoven.  The  Netherlands 


In  several  experimental  investigations  the  effective  removal  of  pollutants  like  NOx  and 
SO2  from  flue  gas  by  streamer  corona  disdiarges  has  been  demonstrated.  The  optimum  pulse 
conditions  for  production  of  streamer  corona  are  not  well  known.  The  objective  of  this 
experimental  study  is  to  get  insight  on  the  influence  of  pulse  parameters  on  the  formation  and 
pit^agation  of  streamers  and  their  energy  dissipation. 

The  discharge  is  produced  in  a  wire-plate  geometry  (wire  lerrgth  >  50  mm,  wire  radius  »  03 
mnv  gap  distance  «  35  mm)  in  whidi  a  flow  of  dry  air  is  maintained.  The  standard  pulse 
ccmditions  are:  repetitirm  frequency  f  -  20  Hz,  peak  voltage  Vp  »  25  kV,  rise  time  tf  -  40  ns, 
decay  time  *  500  ps.  The  discharge  structure  is  studied  by  using  a  two-dimensional  CCD- 
camera.  The  measurement  of  local  light  emis^on  at  different  positions  (using  cpiartz  fibers 
coupled  to  a  fast  photomultiplier)  is  used  to  determine  the  inception  voltage  of  individual 
streamers,  the  ignition  delay  time  of  a  streamer  with  respect  to  the  moment  of  the  first 
streamer  being  formed,  and  the  streamer  velcxdty.  Averaged  values  and  their  statistical 
variation  are  obtained  from  at  least  100  measurements  during  repetitive  operation  of  the 
discharge. 

In  Figure  1  the  discharge  structure  is  given  for  standard  conditions.  The  emission  from  a 
cylindrical  volume,  with  a  diameter  of  1  mm,  has  a  duration  of  less  than  10  its.  Thus  the 
observed  profiles  are  related  to  light  emitted  by  the  streamer  front  only.  The  streamer  number 
density  increases  when  the  voltage  is  increased  (4-5  streamers  per  cm  at  25  kV  and  6-7  streamers 
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per  cm  at  35  kV)  or  when  the  rise  time  is  made  shorter.  At  voltages  above  35  kV  the  light 
emission  of  individual  streamers  decreases.  This  may  be  due  to  the  increasing  interaction  of 
streamers  when  their  number  density  or  space  chaise  field  increase,  or  when  their  inception 
delay  time  becomes  smaller. 

Streamers  with  intense  and  weak  emission  are  observed.  For  the  intense  streamers  a 
transition  from  high  to  low  emission  is  present  at  3-7  mm  from  the  anode.  This  distance  is 
greater  than  the  outer  radius  of  the  critical  volume  (2  mm  for  standard  conditions)  and  it 
increases  with  voltage.  The  observed  streamer  diameter  (full  width  at  the  10%  value  of  the 
intensity  maximum)  is  about  750  pm.  However,  this  value  is  an  overestimation  of  the  real 
diameter  because  of  the  limited  depth  of  field  and  the  cross  sensitivity  of  the  CCD-camera 
pixels. 

The  streamer  velocity  (Figure  2)  first  increases  to  a  maximum  of  23x105  m/s 
"transition  radius",  observed  frcnn  the  CCD-pictures,  the  streamer  velocity  falls  down  to  4x1 0® 
m/ s.  The  velocity  increases  slightly  when  the  streamer  approaches  the  cathode.  This  may  be 
due  to  the  release  of  photoelectrons  at  the  cathode. 

The  table  gives  the  energy  per  pulse  per  meter  %vire  (E  in  mj/m)  and  the  average  inception 
voltage  (Vj  in  kV)  as  a  function  of  pulse  paiameteis. 
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When  changing  the  discharge  frequetKy  the  ratio  of  the  gas  residence  time  and  pulse  period  is 
kept  constant.  The  breakdown  probability  becomes  non-zero  for  Vp  >  30  kV.  Breakdown  is 
avoided  by  switching  the  pulse  off  after  400  ns.  The  current  is  then  almost  zero.  A  DC-bias  up  to 
12  kV  (keeping  Vp  constant)  has  no  influence  on  the  dissipated  energy  per  pulse,  even  at  the 
frequency  of  1000  Hz.  For  Vpc  >  12  kV  (the  DC-corona  onset  voltage),  the  energy  per  pulse 
decreases. 

At  Vp  >  25  kV  the  inception  voltage  is  in  the  range  21-25  kV  with  90%  probability.  The 
influence  of  rise  time  on  the  energy  dissipation  per  pulse  can  be  ascribed  to  the  incepticm 
voltage.  Its  averaged  value  is  less  dependent  on  rise  time  when  Vp  «  25  kV  than  when  Vp  «  30 
kV. 

The  ignition  delay  time  between  individual  streamers  is  always  less  than  20  ns  even  wherv 
at  lower  vdtage  (for  example  20  kV),  the  streamer  inception  time  becomes  of  the  order  of  1  ps 
with  large  statistical  variations.  So  under  all  pulse  conditions  the  streamers  are  formed 
nmultaneously. 

Interaction  between  adjacent  streamers  is  demonstrated  by  the  CCD-pictures  and  the 
ignition  delay  time  measurement.  Two  regions  with  different  streamer  emission  and  streamer 
velocity  are  clearly  observed.  The  main  parameter  determining  the  energy  dissipation  is  the 
inception  vdtage.  The  decrease  of  energy  dissipatirm  per  pulse,  when  the  repetition  frequency 
is  increased,  is  usually  attributed  to  qjace  charge  accumulation  between  the  pulses.  However, 
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the  fact  that  the  enei^gy  dissipation  is  independent  of  DC-bias,  which  can  remove  space  charge 
in  between  the  pulses,  does  not  support  this  explanation. 

*This  work  is  performed  with  support  from  the  European  Commuiuty,  NV  KEMA,  and  the 
Dutch  Foundation  for  Applied  Research  (STW). 
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An  environmental  ionizer  is  a  device  widely  used  to  produce  ionization  in  the  ambient 
air  and  to  reduce  contamination  levels  in  clean  rooms.  In  the  present  work  the  corona  disdiarge 
produced  by  a  commercial  ionizer  consisting  of  a  pair  of  point  electrodes,  both  at  a  negative 
voltage  of  -6  kV,  is  characterized  to  estimate  the  space  charge  density  in  the  air  at  various 
distances  from  the  ionizer. 

The  measurements  were  made  by  using  the  principle  of  biased  probe  originally 
described  by  Tassicker  [1].  The  probe  system  consists  of  a  circular  plane  probe  of  radius  rp, 
located  complanarly  and  coaxially  within  a  circular  ring  of  radius  ra  so  that  an  annular  gap  of 
width  g  =  ra  -  rp  is  thus  formed.  A  bias  voltage  is  applied  between  the  two  parts  to  control  the 
conduction  current  to  the  probe.  From  the  current-voltage  characteristic  of  the  probe  the 
nrugnitude  of  the  external  electric  field  at  the  probe  surface  can  be  deduced.  The  estimation  of 
the  space  charge  density  can  be  made  from  the  combined  current  density  and  field  data, 
assuRung  the  mobility  of  the  charge  carriers  is  known.  The  applicability  of  this  probe 
technique  was  demonstrated  by  Selim  and  Waters  [2]. 

We  have  obtained  values  of  negatively  charged  particles  density  varying  from  12x10^3 
m*3  at  a  distance  of  35  cm  from  the  ionizer  (in  the  central  axis  between  the  twin-point 
electrodes)  to  0.6x10^^  m*^  at  a  distance  of  30  cm.  Additional  analysis  in  a  point-plane  corona  in 
air  was  also  performed  and  comparisons  are  made  with  previous  work.  The  results  have  shown 
that  the  biased  probe  is  a  valuable  diagnostic  tool  to  determine  the  properties  of  discharges  in 
air  sudi  as  those  produced  by  environmental  ionizers. 

[1]  O.  J.  Tassiker,  Proc.  IRE  121, 213-220  (1974). 

12]  E.  O.  Selim  and  R.  T.  Waters,  lEE  Trans.  IA-16, 458-463  (1980). 
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Centro  di  Studio  per  la  Chknica  dei  Plasmi  del  CNR 
Departimento  di  Chknica  (M'Universitii  <S  Bari,  Italy 


Modeling  of  electrical  discharges  for  pollution  control  requires  a  lot  of  sophistication  due  to  the 
high  non-equilibrium  character  of  these  discharges.  The  model  should  couple  plasma  phyacs 
and  plasma  dtemistry  in  a  self-consistent  way  in  order  to  describe  both  the  electronic  component 
and  the  different  diemical  radicals  acting  in  the  discharge.  The  plasma  ciiemistry  is  usually 
simplified  by  neglecting  the  presence  of  excited  states  which,  however,  could  take  an 
important  role  in  affecting  chentical  reactions  and  the  energy  distribution  of  free  electrons. 
These  effects  have  been  discussed  by  our  group  in  these  last  years  for  low  pressure-long  residence 
time  discharges.  In  this  lecture  we  will  present  results  for  high  pressure-small  residence  time 
discharges.  Our  aim  is  to  show  the  importance  of  vibratiorud  and  electronic  states  of  molecules 
in  affecting  the  dissociation  and  ionization  processes,  as  well  as  the  electron  energy  distribution 
function.  Our  model  is  based  on  a  self-consist«it  solution  of  the  Boltzmann  equation  coupled  to 
the  vibrational  and  electronic  master  equations  as  well  as  with  the  dissociation  kinetics.  It 
includes  sadi  vibrational  level  of  the  ground  state  of  the  diatmnic  molecule  as  a  true  dremical 
species  with  its  own  electronic  cross  sections.  Although  we  consider  nitrogen  plasmas,  our  results 
can  be  extended  to  more  realistic  air  mixtures  containing  different  pollutants.  We  consider 
different  non-equilibrium  situations  created  by  a  temporal  superimposition  of  typical  E/N  and 
electron  density  values  followed  by  relaxaticm  periods. 
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A  theoretical  examination  is  made  of  the  medumism  of  corona  formation  in  air  and  flue-gas 
mixtures  at  100  kPa.  The  evolution  of  positive  ion,  negative  ion,  and  electron  densities  is 
described  by  one-dimensional  continuity  equations,  with  space-charge  electric  fields 
determined  by  the  disc  method.  The  effects  of  ionization,  attachment,  recombination,  electron 
diffusion,  and  photoionization  are  all  included.  The  numerical  method  used  [1]  allows 
resolution  of  the  streamer  head  with  a  mesh  spacing  of  1  pm.  The  impulse  voltages  applied 
have  rise-times  of  15-50  ns  and  peak  voltages  of  50-100  kV.  Seed  electrons  are  released  1  ns 
after  the  start  of  the  voltage  rise.  For  a  05  cm  diameter  positive  sphere  located  65  cm  from  a 
negative  plane,  the  calculated  circuit  current  rises  abruptly  to  form  a  corona  onset  current  pulse 
followed  by  a  subsequent  pulse.  However,  when  compared  with  similar  pulses  computed  [1]  for 
SF6,  the  rise-time  and  the  width  of  the  current  pulses  are  much  larger  for  air  and  flue-gas 
mixtures,  so  pulses  are  less  distinct  than  found  for  SF^.  The  reason  for  the  wider,  more  slowly 
rising  pulses  is  that  in  air  and  flue-gas  mixtures  the  streamers  propagate  m(»e  slowly  than  in 
SF6,  thus  their  movement  is  more  comparable  with  the  voltage  rise  time.  Once  the  voltage 
reaches  a  maximum  the  circuit  current  falls  rapidly,  but  not  as  fast  as  in  SF6  [1].  During  the 
current  rise  for  both  air  and  the  flue-gas  mixtures  a  streamer  moves  out  into  the  gap  along  a  100 
pm  chaimel,  with  the  electric  field  in  the  streamer  trail  E  as  E*,  where  E*  «  30  kV/cm  is  the 
field  where  ionization  equals  attachment.  According  to  the  criterion  for  the  limits  over  whidi 
this  field  may  vary  [2],  the  field  in  the  streamer  trail  is  not  as  strictly  clamped  dose  to  the 
value  E*  in  this  case  as  it  was  in  SF^.  For  a  peak  voltage  of  50  kV,  the  streamer  propagates  «  2 
cm  into  the  gap  for  both  air  and  a  typical  flue-gas  mixture  [3],  with  little  difference  in  the 
streamer  diaraderistics.  The  main  difference  is  that  the  streamer  propagates  ->  5%  less  in  the 
flue-gas  diosen  [Ref.  3  'esp2'l  due  to  the  dightly  higher  value  of  attachment  at  high  values  of 
E/N,  where  N  is  the  neutral  gas  density. 

[11  R.  Morrow,  IEEE  Trans,  on  Plasma  Sci.  19, 86-94  (1991). 

[2]  R.  Morrow,  Fhys.  Rev.  35, 1778-1785  (1987). 

[3]  I.  Gallimberti,  Pure  &  Appl.  Chettu  60,  663-674  (1988). 
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MULTI-DIMENSIONAL  MODELING  OF  THE 
DYNAMIC  MORPHOLOGY  OF  STREAMER  CORONAS* 

P.  A.  Vltello,  B.  M.  Penetrante,  and  J.  N.  Bardaley 
Lawrence  Uvermore  National  Laboratory 
Livermore,  Califomia  94550  USA 


There  is  currently  an  increasing  interest  in  streamer  coronas  because  of  their  application  to 
pollution  control  devices.  In  these  devices,  the  streamers  produce  energetic  electrons  which, 
through  di^odation  and  ionization  processes,  generate  active  radicals  that  in  turn  react  with 
the  toxic  molecules.  The  morphology  of  streamer  cmonas  determines  in  large  part  the  energy 
distribution  of  the  electrons  produced  in  these  devices.  Within  the  short  lifetime  of  the 
streamers,  the  ions  do  not  experience  significant  movement  and  therefore  do  not  ccrntribute  to  the 
power  consumption.  Because  of  the  complexity  of  the  equations  describing  streamer  dynamics, 
most  of  the  simulations  have  been  restricted  to  one  (longitudirud)  (1-D)  spatial  dimension. 
Some  low-resolution  two-dimensicmal  simulations  have  been  performed,  but  so  far  have  been 
restricted  to  plane-parallel  electrode  configurations.  We  have  developed  two-dimensional  (2- 
D)  and  three-dimensional  (3-D)  streamer  models  that  can  be  applied  to  arbitrarily  shaped 
electrode  structures.  We  have  applied  these  computer  codes  to  study  some  of  the  issues  related 
to  finding  the  optimum  wcwking  omditions  for  streamer  corona  reactors.  Our  results  show  that 
the  radial  components  of  the  electron  flow  and  the  space-diaige  field  are  very  important  in 
providing  an  accurate  picture  of  the  streamer  morphology,  especially  near  the  highly  stressed 
electrode.  We  are  examining  the  preionization  level  and  other  initial  conditions  necessary  for 
the  formation  of  various  streamer  morphdiogies.  The  effects  of  electrode  structure,  voltage 
pulse  characteristics,  and  gas  composition  are  also  being  studied. 

Our  multi-dimensioiud  results  bring  into  cpiestion  the  applicability  of  1-D  calculations  of 
streamer  propagation.  We  do  find  that  the  streamer  finds  a  self-consistent  radius  whidr  is 
only  weakly  dependent  of  the  size  of  the  initial  electron  distribution.  For  electrode 
configurations  used  with  corona  discharges,  it  may  not  be  possible  to  determine  the  streamer 
radius  a  priori  and  to  impose  it  artificially  as  is  coiiunonly  done  in  quasi-l-D  models.  As  the 
streamer  propagates,  the  shielding  charge  in  the  streamer  chatmel  can  domiiuite  that  at  the 
head  of  the  streamer,  implying  that  a  majority  of  the  current  goes  into  shielding  the  streamer 
chaimel  and  not  into  directly  propagating  the  streamer  head.  We  observe  two  types  of  streamer 
radii:  the  first  being  the  ecfuivalent  radius  of  the  electron  density;  the  second  is  the  space- 
charge  screening  radius,  which  is  much  larger.  The  ecjuivalent  radius  is  the  radius  which  at 
constant  density  would  contain  all  the  streamer  electrons.  Space-charge  screening  in  the 
streamer  charmel  is  intrinsically  a  2-D  phenomenon  in  which  the  space-charge  is  distributed 
mainly  along  the  surface  of  the  dumnel.  The  large  shielding  radius  allows  for  a  sigiuficantly 
larger  build-up  of  charge  than  can  be  expected  frcnn  a  1-D  model  using  an  ec]uivalent  radius. 

CXu*  results  indicate  four  phases  in  the  growth  of  the  streamer  radius.  In  the  first  phase,  the 
radius  expands  due  to  diffusion.  The  seccmd  phase  of  expansicm  is  governed  by  the  space-charge. 
In  the  third  phase,  the  radius  remains  constant  as  the  streamer  propagates.  The  background 
electron  density  during  this  phase  is  negligible  ccmnpared  to  the  electron  density  at  the  head  of 
the  streamer.  The  peak  space-charge  density,  electric  field  and  streamer  velocity  increase 
linearly  with  the  propagation  distance.  This  behavior  is  more  consistent  with  a  highly- 
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conducting  streamer  channel  than  with  an  insulated  streamer  head.  With  the  buildup  of  the 
background  electron  density,  a  fourth  phase  may  be  encountered  in  which  the  streamer  radius 
rapidly  expands.  During  this  phase  the  streamer  velocity  is  greatly  enhanced  and  there  is  a 
reduction  in  space-charge  density  and  peak  electric  field  at  the  streamer  head. 

We  show  in  the  figure  the  early  evolution  of  the  equivalent  radius  in  the  co-moving  frame, 
for  a  05  cm  gap  in  N2  with  30  kV  applied  potential.  The  streamer  wa&  initiated  from  a  single 
electron  at  the  cathode.  The  plus  (+)  and  minus  (-)  show  the  directions  of  the  positive  and 
negative  streamers.  This  figure  covers  the  radius  evolution  up  to  the  beginning  of  the  third 
phase. 

We  observe  a  sigruficant  change  in  the  characteristics  of  the  streamer  depending  on  the 
density  of  the  initiatory  electrons.  This  implies  that  the  early  phase  of  the  avalanche 
formation  and  its  transition  into  a  streamer  is  important,  particularly  when  the  finite  risetime 
of  the  voltage  pulse  is  taken  into  account.  We  also  observe  a  significant  difference  in  the  radial 
structures  of  the  positive  and  negative  streamers,  the  latter  having  a  larger  radial  extent  and 
weaker  space-charge  field.  The  more  localized  radial  structure  of  the  positive  streamer  tends 
to  produce  higher  energy  electrons 
due  to  the  higher  space-charge  field. 

An  advantage  of  our  multi¬ 
dimensional  model  is  that  it  is 
possible  to  self-consistently  calculate 
the  initial  evolution  of  the  radial 
growth  of  the  avalanche  and  its 
transition  into  a  streamer.  No  one 
really  knows  how  closely  adjacent 
primary  avalanches  can  overlap 
each  other  before  they  inhibit 
streamer  formation.  This  i  s 
dependent  upon  how  the  space- 
charge  screening  fields  of  the 
adjacent  avalanches  interact.  We  are 
attempting  to  quantify  this  problem  with  multi-dimensiorud  simulations. 

*This  woilc  was  performed  at  Lawrence  LivemKxe  National  Laboratory  under  the  auspices  of 
the  U.  S.  Department  of  Energy  under  Contract  Nutrtber  W'7405-ENG-48,  with  support  from  the 
Advanced  Energy  Projects  Division  of  the  Office  of  &)ergy  Researdi. 
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The  efficiency  of  electrostatic  predpitators  increases  maricedly  with  the  voltage  that  can 
be  applied  between  the  wires  and  collector  plates,  provided  that  electrical  breakdown  does  not 
occur.  Thus  the  electrical  breakdown  voltage  is  a  most  important  quantity  determining 
precipitator  performance.  The  traditional  theories  for  electrical  breakdown  are  the  Townsend 
criterion  i.e.  exp{(a-r|)d}  «  l/y  and  the  streamer  criterion  i.e.  exp{(a-T))d}  =  10®.  For  large 
distaiKes  d  of  the  order  o(  several  cm,  both  theories  give  the  same  result  that  the  limiting 
breakdown  field  is  sudi  that  a  t)  i.e.  that  the  ionization  coefficient  a  is  approximately  equal 
to  the  attachment  coefficient  Ty  Y  fhe  secondary  emission  coefficient  for  electron  emission  at 
the  electrode  svirface.  At  low  electric  fields  icaiization  is  zero  but  becomes  very  large  at  high 
fields.  Thus  there  is  a  critical  electric  field  for  which  icmization  equals  attadunent  which  will 
correspond  to  the  field  for  electric  breakdown. 

However  there  is  a  serious  problem  in  that  observed  breakdown  voltages  in  flue  gases,  or 
indeed  in  air,  for  ccmoiui  conditions,  are  very  mudi  lower  than  the  voltage  for  which  ionization 
would  equal  attachment.  Electrons  attach  to  oxygen,  carbon  dioxide  and  water  vapor.  Electron 
attachment  and  ionization  coefficients  can  be  calculated  or  if  necessary  measured  for  any 
mixture  of  component  flue  gases.  For  air  it  is  known  that  ionization  is  equal  to  attadunent  at  a 
value  of  E/N  « 120  Td;  E  is  the  electric  field  strength,  N  is  the  gas  number  density  and  1  Td  is  1 
Townsend  or  10*^^  V-<m^.  On  the  other  hand  it  is  known  that  electrical  breakdown  in  air  for  the 
corotu  configurations  of  eledrostatic  predpitatcus  occurs  for  average  values  of  E/N  of  about  20 
Td  for  steady  applied  voltages,  which  is  a  factor  of  six  lower  than  120  Td.  More  recent  theories 
of  electric  breakdown  by,  for  example,  Gallimberti  and  also  Marode,  have  attempted  to 
explain  such  phenomeru  by  analyzing  the  complex  processes  occurring  at  the  streamer  head, 
and  by  attributing  effects  as  being  due  to  gas  Iwating. 

In  the  present  paper  the  low  average  E/N  fm*  electrical  breakdown  in  air  or  flue  gases  is 
proposed  to  be  due  to  the  effed  oi  a^dg  metastable  oxygen  molecules  that  are  produced  in  the 
corona  discharge  o(  the  precipitator,  whidi  would  have  a  strong  effect  in  detaching  oxygen 
negative  ions.  The  critical  reaction  is: 

©2  +  O2  2O2  +  C 

where  metastable  oxygen  molecules  are  represented  by  O2*.  Thus  the  effective  attachment  rate 
is  significantly  lowered  by  the  presence  of  metastables. 

Cross  sections  for  the  excitation  of  a^  Ag  oxygen  mdecules  are  known  as  a  functirm  of  electixm 
energy.  Calculations  have  been  made  of  electron  energy  distributions  as  a  function  of  E/N  by 
solving  the  Boltzmann  transport  equation  for  air  and  also  for  air  with  various  proportions  of 
water  vapor.  Thus  the  excitation  coefficient  for  metastable  production  has  been  calculated  as  a 
function  of  E/N.  Similarly  the  ionization  and  attachment  coefficients  have  been  calculated  as 
a  function  of  E/N.  Momentum  tranrfer  and  inelastic  cross  sections  for  nitrogen,  oxygen  and  water 
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vapor  have  been  taken  from  the  literature. 

Using  these  coefficients,  rate  equations  have  been  formulated  for  ionization,  two  and  three 
body  attachment,  recombination,  and  also  for  the  production  of  metastables,  metastable 
detachment  and  metastable  quenching.  Metastable  detachment  and  quenching  coefficients  were 
taken  from  the  literature.  The  time  dependent  behaviour  of  the  partide  densities  for  electrons, 
positive  ions,  negative  ioie  and  metastables  was  that  calculated  for  various  values  of  E/N  and 
for  various  initial  conditions  of  partide  densities.  For  these  calculations  it  was  necessary  to 
assume  an  effective  ionization  coeffident  at  very  low  E/N:  a  value  of  a/N  =  10*^  cm^  was 
chosen  for  E/N  *  20  Td  and  interpolations  made  to  merge  with  known  values  at  higher  E/N  i.e. 
10-20an2atE/N  =  70Td. 

From  the  calculations  it  is  found  that  the  effect  of  the  metastables  is  to  lower  the 
breakdown  voltage  from  120  Td  to  approximately  20  Td.  It  is  possible  to  derive  an  analytic 
relationship  between  attachment,  ionizaticm,  metastable  and  recombination  coeffidents  to  give 
the  critical  minimum  value  of  E/N  defining  the  breakdown  voltage  for  any  given  flue  gas 
mixture. 

These  methods  have  been  applied  to  calculate  the  sensitivity  of  the  breakdown  voltage  to 
water  vapor.  The  calculations  predict  that  1%  by  volume  of  water  vapor  will  increase  the 
breakdown  voltage  by  11%  which  is  in  good  agreement  with  experinrental  results  of  105%.  This 
sensitivity  of  the  breakdown  voltage  to  water  vapor  is  due  to  (a)  the  high  quendiing  rate  of 
metastables  by  water  vapor  (b)  the  high  effidenry  of  water  vapor  as  a  third  body  for  electrcm 
attadunent  to  oxygen  and  (c)  the  very  high  rotational  and  momentum  transfer  cross  sections  of 
water  vapcv. 

The  theory  gives  an  indication  of  how  to  improve  predpitator  behaviour  by  adding 
minority  gases.  A  gas  which  is  strongly  electron  attaching  would  increase  the  breakdown 
voltage  aird  thus  predpitator  effidency. 
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ELECTRON  DATA  BASE  NEEDED  FOR  DISCHARGE  MODELING 
IN  FLUE  GAS  TREATMENT 

M.  Yousfl,  A.  Polnslgnon,  and  A.  HamanI 
Lhiversitd  PmM  Sabatier 
URA  du  CNRS  rP277.  CPAT 

118  Route  da  Narbonne,  31  062  Toulouse  Cedex,  France 


The  use  of  pulsed  corona  discharges  for  the  removal  of  certain  polluting  agents  (NOx,  SO2, 
etc)  from  industrial  flue  gases  is  now  under  investigation  in  several  laboratories  in  the  world. 
The  role  of  corona  discharges  is  to  produce  energetic  free  electrons  whidi  ionize,  excite  and 
dissociate  flue  gas  molecules.  Certain  radicals  (mainly  OH,  O)  produced  through  these 
processes  can  favour,  following  more  or  less  complex  chemical  reactions,  first  the  transformation 
of  polluting  agents  [1]  and  then  their  removal  from  flue  gases  using  classical  methods  [2]. 
Optimization  of  the  efficiencies  of  such  chemical  reactions  needs,  in  particular,  a  better 
knowledge  of  corona  discharge  characteristics  under,  for  example,  different  pulsed  voltage 
stresses  [2]. 

Modeling  of  pulsed  corona  discharges,  whidt  is  a  necessary  complement  to  experimental 
investigations,  can  contribute  towards  improving  the  plasma  device  efficiency.  Classical  fluid 
models  are  generally  based  on  the  following  macroscopic  equations: 

-  Electrical  circuit  equations, 

•  Hydrodytuunic  conservation  equations  for  transport  of  charged  carriers  (electrons,  positive 
and  negative  ions), 

-  Evolution  equations  of  heavy  partides  corresponding  to  plasma  dremistry, 

-  PoissTHi  equations  describing  space  charge  electric  field. 

Discharge  modeling  is  nowadays  not  really  limited  by  numerical  ccmstraints  but  mainly  by 
the  knowledge  of  readion  kinetics  and  also  by  the  lack  of  data  base  sudi  as  heavy  partide 
reaction  rates  or  electron  transport  coeffidents.  The  electron  data  necessary  for  fluid  models  are 
drift  velodty,  longitudinal  and  transverse  (for  2D  geometry)  diffusion  coeffidents,  ionization 
and  attadunent  coeffidents.  Experimental  determinations  for  eledron  transport  coeffidents  in 
flue  gas  are  rather  sparse  and  can  be  found  in  the  literature  only  for  some  ^edfic  flue  gas 
compositions  [3].  It  is  well  known  that  Boltzmarm  equation  analysis  constitutes  an  interesting 
alternative  for  eledron  transport  coeffident  determinations,  whatever  the  composition  of  the 
flue  gas  considered.  Therefore,  the  aim  of  the  present  oontributicm  is  to  analyze,  ffom  a  multi¬ 
term  numerical  solution  of  Boltzmann  equaticm  [4],  the  eledron  distribution  fundions  and 
assodated  transport  coeffidents.  The  most  important  eledron-mdecule  collisional  processes 
(elastic,  inelastic  and  super-elastic)  are  considered  and  corresponding  collision  cross  sections  for 
the  major  component  of  flue  gases  from  coal  or  oil  fired  power  plants  (N2/  02/  H2O,  CQ2)  are 
analyzed  in  the  light  of  a  dassical  method  erf  cross  sedion  fitting.  Then,  the  influence  of  the 
flue  gas  composition  and  also  the  dependence  of,  particularly,  eledron  attadunent  coeffidents 
on  background  gas  are  emphasized.  Fiiully,  the  consequence  of  these  transport  coeffident 
dependendes  on  discharge  parameters  (distribution  of  space  charge  electric  field,  charged 
partide  densities,  current  densities,  etc.)  is  analyzed  using  a  fluid  model  (based  on  dassical 
macroscopic  equations  solved  frmn  a  powerful  finite  element  sdieme  with  non-uniform  meshes) 
and  coupled  to  miaroscopic  Boltznumn  equation  for  electrons. 
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SWARM  DETERMINATION  OF  ELECTRON-MOLECULE 
CROSS-SECTIONS  IN  SOME  HYDROCARBON  GASES 
SUCH  AS  METHANE.  PROPANE  AND  ISOBUTANE 
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The  study  of  hydrocaibon  vapours  is  usually  assumed  to  be  important  mainly  in  connection 
with  combustion  problems.  However,  as  most  of  these  gases  are  emitted  from  various  industrial 
devices,  they  may  be  considered  as  nuijor  pollutants,  so  a  good  knowledge  of  their  physical  and 
chemical  properties  becomes  necessary  for  a  better  prediction  of  their  effects.  It  is  well  known 
for  example  that  propane  is  mainly  ejected  by  cars  and  that  volatile  organic  compotmds,  like 
toluene,  are  emitted  from  the  chinuieys  of  factories  producing  paint.  In  order  to  develop  a 
disdiarge  reactor  to  eliminate  most  of  these  organic  compounds,  modeling  may  be  necessary  to 
improve  its  basic  properties.  In  this  case,  since  many  different  molecules  may  appear  during  the 
disduirge  process,  basic  data  describing  the  electron-molecule  or  ion-molecule  interactions  with 
hydrocarbon  vapours,  usually  mixed  with  air,  are  a  prerequisite. 

Unfortunately,  for  most  of  these  gases,  knowledge  of  basic  data  is  very  poor.  In  this 
commurtication  our  aim  is  to  show,  for  electrcm-molecule  interactions,  how  the  swarm  method  in 
cormection  with  other  procedures  may  be  very  successful  in  determining  electron-molecule  cross- 
sections,  even  in  the  case  where  few  experimoital  or  theoretical  cross-sections  are  available. 

Our  study  focuses  on  three  important  mdecule^  i.e.  methane,  propane  and  isobutane,  in 
order  to  emphasize  the  increasing  difficulty  associated  with  the  rise  in  the  complexity  of  the 
structure  of  these  molecules. 

The  simplest  being  methane,  the  results  were  much  more  accurate  compared  to  other 
molecules.  However,  due  to  the  large  number  of  experimental  swarm  parameters  available 
together  with  other  experimental  data,  coming  from  particle  detector  experiments,  a  very 
accurate  set  of  cross-sections  can  also  be  obtained  for  propane.  The  same  was  obtained  for 
isobutane,  but,  due  to  the  very  complex  structure  of  the  mdecule,  the  cross-sections  were  less 
accurate. 

An  application  of  these  cross-sections  to  the  calculation  of  swarm  parameters  in  mixtures  of 
gases,  sudi  as  a  mixture  of  air  with  propane  or  methane,  is  given. 
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INFLUENCE  OF  ACTIVE  RADICALS  ON  NO/SO2  REMOVAL  FROM 
FLUE  GASES  IN  CORONA  DISCHARGE  INSTALLATIONS 

G.  Alekseev,  A.  Levchenko,  F.  van  der  VIeuten*  and  V.  Bityurin 
Russian  Academy  of  Sciences,  institute  for  High  Temperatures 
izhorskaya  13/19,  Moscow  127412,  Russia 


Most  existing  theoretical  and  experimmtal  studies  in  the  field  of  flue  gas  cleaning  consider 
only  the  general  process  characterized  by  the  degree  of  removal  of  NO/SO2  related  to  the 
electrophysical  parameters  of  the  corona  discharge. 

The  pulsed  corona  discharge  installation  of  the  Eindhoven  University  of  Technology  (EUT) 
was  taken  as  a  model  for  this  research.  The  analysis  was  made  for  two  flue  gas  mixtures: 
typical  coal  combustion  flue  gas  (74%  N2, 5%  O2, 15%  CO2, 6%  H2O)  and  the  typical  mixture  of 
the  EUT  installation  (70%  N2, 6%  O2/  8%  Cp2, 16%  H2O).  The  initial  concentration  of  NO  was 
set  to  400  ppm,  the  initial  concentration  of  SO2  to  10(X)  ppm.  The  initial  concentration  of  active 
species  (OH,  H,  e*,  N2''',  N2*,  O',  O2',  Qj',  O4',  O,  O2*)  was  varied  near  the  expected 
characteristic  value  for  the  experimental  low  current  corona  discharge  installation.  The 
default  concentrations  were:  OH  and  H:  1%  cf  thecorKentration  of  H2Q;  e*:  ZlxlO^^  cm'^;  N2'*': 
2.1x10^^  cm'3;  N2*:  6.8x10^^  cm'^;  O':  2.4x10^^  cm'^;  O2':  1.8x10^2  cm'^;  Q3':  1.0x10^  cm'^;  O4': 
5.1x10^'  cm'3;  O:  2.1x10^  cm'^:  P2*:  S.CbclO'®  cm'^.  The  concentration  of  OH  and  H  has  been 
vacated  from  0J%  of  the  concentration  of  H2O  to  5%;  the  concentrations  of  the  other  particles 
have  been  vacated  to  zero. 

Based  on  the  results  of  these  investigations,  the  following  conclusions  can  be  made: 

1)  Under  conditions  characteristic  for  low  current  corotui  discharges  the  NO  removal  is  34%  (of 
which  15%  is  by  conversion  of  NO  to  NC^);  the  SO2  removal  5%. 

2)  Under  these  conditions  the  main  part  in  the  NO/SO2  cleaning  process  is  played  by  OH 
radicals  (for  NO  removal  93%-%%  of  total  cleaning;  for  SP2  removal  more  than  95%).  The 
duuacteristic  time  of  this  process  is  1(H  s. 

3)  Under  these  conditions  the  concentration  of  produced  O3  remains  small  (typically  10^^  on'^), 
due  to  the  stiudl  initial  concentration  of  active  oxygen  species  (O,  P2*,  O',  etc).  Therefore  Qj 
plays  only  a  snuill  part  in  NO  removal  (3%-7%).  The  diaracteristic  time  of  this  prcKess  is  lO*^ 
s. 


*guest  student  from  EUT. 
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THE  EFFECT  OF  CLUSTERS  AND  HETEROGENEOUS  REACTIONS 
ON  NON-EQUILiBRIUM  PLASMA  FLUE  GAS  CLEANING 

A.  A.  Fridman,  B.  V.  Potapkin,  and  V.  D.  Rusanov 

Kurchatov  Institute  of  Atomic  Energy 
Moscow.  123182  Russia 


Heterogeneous  reactions  in  droplets  and  clusters  are  essential  in  the  evolution  of  the 
chemical  composition  during  plasma  cleaning  of  flue  gas  from  SO2,  NOx,  H2S  and  VOC's.  These 
reactions  are  of  concern  because  such  particles  form  fast  in  high  pressure  systems,  and  there  is 
also  the  possibility  of  effective,  in  particular  chain,  dtemical  reactions  in  aerosols  and  clusters. 
Furthermore,  most  of  the  experimental  data  obtained  in  electron  beam  and  pulse  corona 
discharge  could  not  he  explained  without  taking  into  account  heterogeneous  processes. 
Unfortunately  up  to  this  moment  there  have  been  no  detailed  investigation  of  these  effects.  The 
full  modeling  of  SO2,  NOx/  H2S  and  VOC  purification  in  heterogeneous  non-equilibrium 
plasma  is  presented  in  this  work.  The  peculiarity  of  the  model  consists  also  in  the  possibility  to 
investigate  the  transition  regime  of  non-equilibrium  plasma  generation  between  the  linear 
region  when  ioii,  radicals,  excited  mdecules  and  atoms  react  preferably  with  the  matrix  gas  or 
admixture,  and  the  non-linear  one  when  active  parbde-active  partide  reactions  predomiiuite. 
This  transition  regime  seems  to  be  profitable  for  purification  processes  because  of  the 
cooperative  effect  of  the  different  types  of  active  partides  in  this  case.  The  main  objective  of 
our  approadi  and  modeling  is  to  find  the  optimum  regime  of  plasma  generation  (specific  power, 
humidity,  etc)  for  essential  decreasing  of  purification  energy  costs,  taking  into  account  the 
heterogeneous  effects. 

The  elaborated  model  takes  into  account  the  following  types  of  chemical  decomposition 
reactions:  gas  phase  reactions  induding  reaction  of  exdted  partides,  duster  diemistiy,  droplet 
phase  oxidation  reactions,  and  surface  catalyds.  The  structure  of  the  modeling  program  is  based 
on  physical-chemical  processes  time  scale  and  includes  four  main  codes:  non-isothermal  gas 
phase  and  duster  kinetics;  non-uniform  kinetics  (induding  transfer  processes)  for  droplet  and 
boundary  layer  region;  kinetics  of  droplet  formation,  coagulation  and  evaporation;  and 
modeling  of  discharge  and  e-beam  active  partide  production.  In  the  particular  case  of  flue  gas 
deaning  from  SO2  and  NOx/  the  diemical  code  indudes  520  gas-phase  and  160  liquid-phase 
reactions.  For  effective  investigation  of  sudi  type  of  complex  systems  we  also  use  two  auxiliary 
programs.  The  first  one  -  Doctor  Cherny  code  -  is  used  for  search  in  database  and  determiruition 
of  unknown  reaction  rate  coeffidents.  This  program  is  based  on  a  set  of  independent  theories 
and  permits  the  calculations  of  the  value  and  accuracy  of  rate  constants  fw  all  types  of  reaction 
under  consideration  (regular  chemical  reactions,  plasnui  diemical  reactions,  reaction  of  exdted 
partides,  etc).  The  second  one  is  the  sensitivity  analysis  code  for  the  calculation  of  total 
accuracy  of  the  results  obtained  and  for  findii^  out  the  main  physical-chemical  medianism  of 
the  process. 

Our  modelii^  confirms  the  essential  role  of  heterogeneous  chemistry  in  deaning  processes 
and  the  advantage  of  the  boundary  (linear  -  nonlinear)  regime  of  nlasma  generation.  In 
particular,  it  is  possible  to  eluddate  the  fdlowing  effeds. 

It  was  diown  that  it  is  possible  to  significantly  reduce  the  SO2  oxidation  energy  cost  to  03 
eV  at  a  definite  range  of  electron-beam  current  density  and  air  humidity.  This  effed  can  be 
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realized  because  of  ion-molecular  chain  oxidation  medianism  in  clusters  and  it  is  connected 
with  the  formation  of  the  negative  ion  S04'(H20)n.  This  cluster  has  peroxide  structure  and 
very  high  oxidation  activity  and  for  this  reason  it  is  the  main  chain  promotion  agent. 
Negative-ion  chain  effect  can  be  realized  in  the  transition  regime  of  plasma  generation.  Low 
specific  power  region  is  not  profitable  because  to  the  low  excitation  level.  High  specific  power 
is  also  not  profitable  because  of  the  rapid  recombination  (with  respect  to  ion-molecular  drain 
propagation  reactions)  recombination  of  the  ion. 

It  was  shown  that  spraying  of  relatively  small  amount  of  water  droplets  of  definite  size 
permits  the  organization  of  very  effective  SO2/NOX  deaning  process:  to  attain  low  SO2 
oxidation  energy  costs;  to  substitute  NOx  oxidation  for  NOx  reduction;  and  to  simplify 
significantly  the  product  collection.  In  this  case  SO2  oxidation  proceeds  as  a  result  of  negative- 
ion  chain  processes  in  droplets,  initiated  by  the  active  radicals  from  the  gas  phase.  On  the 
other  hand,  NO  is  oxidized  to  NO2  in  the  gas  phase  and  after  that  efiedive  NO2  quenching 
with  respect  to  back  reactions  occurs  because  of  NO2  absorption  by  droplets.  At  the  optimum 
conditions  NO2  in  droplet  plays  the  role  of  the  oxidizing  agent  with  resped  to  S(IV)  and  in  the 
result  we  obtain  S(IV)  and  N2  as  products.  Droplet  diemistry  can  also  explain  the  results  of  the 
recent  electron-beam  experiments  made  by  Hamba  et  al.  when  NOx  removal  increase  from 
single  to  double  and  triple  irradiation  even  without  the  installation  of  an  intermediate  filter 
as  in  the  case  of  KFK  (Germany).  We  have  shown  also  that  the  heterogeneous  system  is  very 
effective  in  the  deaning  of  air  stream  frcnn  H2S  and  VOC's. 

All  main  results  obtained  in  the  modeling,  in  particular  the  reduction  of  SO2  oxidation 
energy  cost  by  ion  duster  diain  reactions  and  the  effective  heterogeneous  deaning  of  air  stream 
fiom  H2S  and  VOCs,  were  confirmed  by  appropriate  experiments  made  in  pulse  and  omtinuous 
electrrm  beanv  and  heterogeneous  barrier  disdiarges. 

Now  we  will  develop  our  program  to  investigate  the  cooperative  effect  (simultaneous 
influence  of  discharge  and  UV-radiation;  electron  beam  and  ozone;  etc)  in  purification 
processes. 


NATO  ADVANCED  RESEARCH  WORKSHOP  ON 
NON-THERMAL  PLASMA  TECHNK3UES  FOR  POLLUTION  CONTROL 


HTfon 


CHEMICAL  KINETIC  DATA  FOR 
MODELING  NON-THERMAL  PLASMAS 


John  T.  Horron 

Chemical  Khetics  and  Thennodynarr^  Division 
National  Institute  o1  Standards  and  Technology 
Gaithersburg,  Maryland  20899  USA 


All  fundamental  researdi  on  n(Hi-thennal  plasma  dtemical  prooes^g  implies  the  existence 
of  a  model.  How  valid  are  the  models  and  how  useful  are  they  in  process  scaling?  Does 
agreement  of  a  model  with  observational  parameters  tell  us  anything  about  the  process,  ot  is 
this  simply  an  exercise  in  curve  fitting? 

Modeling  provides  a  means  for  simulating  the  behavior  of  complex  systems  and  thus  avoids 
the  need  to  use  direct  testing  methods.  The  goal  of  a  dtemical  kinetics  model  is  to  describe  a 
complex  system  in  terms  of  a  set  of  single-step  elementary  reactions,  each  of  which  is 
characterized  by  a  rate  expression  whidt  is  a  fully  transferable  prc^erty  of  the  reaction.  A 
chemical  kinetics  model  is  but  one  part  a  mme  general  model  describing  the  chemical  artd 
physical  properties  of  the  system. 

The  ultimate  chemical  kinetic  model  would  indude  rate  expressims  for  every  possible 
eledroni<;  vibrational,  rotational  and  trandational  crmfiguration  of  the  system.  There  is  little 
or  no  prosped  of  that  kind  of  microscopic  model  ever  becoming  a  reality.  There  are  no 
diagnostics  available  to  describe  the  system  at  that  level  of  detail,  and  no  database  extant  or 
on  the  distant  horizon  to  provide  the  necessary  input  to  the  model.  Fortunately,  that  kind  of 
model  is  not  necessary  for  most  practical  applicatiorts.  Almost  aU  ^sterns  of  interest  can  be 
treated  in  terms  of  some  kind  of  local  or  partial  thermodyruunic  equilibrium.  This  is  of  vital 
importance  in  terms  of  modeling,  since  the  otUy  significant  sources  of  kinetic  data  are  for 
thermal  systems. 

In  goieral,  thermal  plasmas  are  thermodynamically  determined,  while  low  temperature 
norr-thermal  plasiiuis  are  kinetically  determined  by  reactions  of  neutral  atoms  and  molecules, 
their  ions,  and  the  interacticms  of  gas  phase  species  with  surfaces.  The  key  questions  are  whidi 
reactions  lead  to  the  observed  final  products  and  conversely  which  reactions  cause  their 
destruction,  what  properties  of  the  products  (e.g.,  bond  strengths)  determine  stability  under 
plaana  conditions,  and  how  reactant  and  product  distributions  may  be  enlumced  or  altered. 

In  the  case  of  non-thermal  plasmas,  non-equilibrium  effects  may  have  to  be  treated 
explicitly  ance  the  gas  and  electron  temperatures  may  diverge.  Energy  transfer  in  electron- 
atom  or  electron-molecule  interactions  can  lead  to  population  of  higher  rotational,  vibrational 
or  electronic  states.  While  rotational  relaxation  is  probably  sufficiently  fast  to  equilibrate  the 
rotational  population,  that  is  not  necessarily  the  case  for  the  vibratiorud  or  electronic  states. 
These  processes  must  be  draracterized  at  the  elementary  reaction  level.  Their  imp<»tance  will 
depend  on  the  relative  rates  of  reaction  of  the  excited  states  compared  to  the  ground  states,  and 
their  steady  state  population.  Rate  data  for  vibrationally  or  electronically  excited  species 
exist  in  some  cases  and  are  experimentally  accessible  in  others.  If  there  is  no  indication  that 
excited  state  chemistry  is  importanL  the  correct  starting  point  is  the  fully  thermalised  systerrr. 

The  de«gn  of  a  model  should  take  into  account  the  existing  body  of  chonical  kinetics  data, 
theory,  and  experience,  and  the  available  evaluated  databases.  These  will  be  discussed. 
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A  model  should  include  all  possible  spedes  and  all  possible  reactions.  For  each  reaction  it 
should  provide  a  reconunended  rate  expression  applicable  over  the  range  of  temperature  and 
pressing  encompassed  by  the  model,  and  in  the  absence  of  literature  data  provide  an  estimate  of 
the  rate  expression  using  theoretical  or  empirical  methods.  There  is  a  hierarchy  of  reactions  in 
any  system  and  many  reactions  can  be  readily  shown  to  be  unimportant  and  excluded  from 
further  consideration.  Only  those  reactions  whidt  determine  the  properties  of  the  system  need 
to  be  included  in  the  model.  The  important  thing  initially  is  to  consider  aU  possibilities  and 
then  simplify  the  model  as  much  as  possible.  Also,  since  a  model  is  built  through  a  process  of 
iteration,  in  its  initial  form  it  is  not  necessarily  or  even  likely  to  be  a  correct  representation  of 
the  chemistry.  It  is  state-of-the  art  at  any  given  time.  It  provides  a  common  point  for 
comparison  of  model  calculations,  and  the  identification  of  critical  data  needs.  Existing 
databases  for  atmospheric  and  combustion  chemistry  can  provide  a  basis  for  modeling  some  of 
the  plasmas  of  practical  interest.  However,  for  plasmas  involving  organo-metallic  compouiuis, 
metals  and  their  oxides,  carbides,  halogeru,  etc,  data  are  rare  and  of  uncertain  quality. 

These  factors  will  be  discussed  with  reference  to  selected  non-thermal  plasmas. 
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PLASMA  ARC  PROCESSING  OF  SOLID  AND  LIQUID  WASTES 


Max  P.  Schllangar 
Retech,  Inc. 

LHdah,  Calif omia  95482  USA 


The  processing  of  solid  and  liquid  wastes  is  well  suited  to  plasma  treatment  as  it  can  be 
omnivcHous  as  related  to  a  wide  range  of  feed  materials. 

The  equipment  being  discussed  in  this  presentation  is  the  Plasma  Centrifugal  Furnace 
(PCF),  which  has  been  configured  to  enable  treating  a  broad  rai^e  of  toxic  materials.  The 
furnace  employs  a  hc^ow  electrode  plasma  tordi,  which  is  operated  in  the  transferred  mode 
for  pyrolysis  and  vitrification  of  the  waste  stream. 

A  brief  description  of  the  transfer  of  metallurgical  processing  experience  to  toxic  waste 
applications  will  be  discussed  along  with  nuiterial  handling  and  maintenance  considerations. 
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ENERGIZATION  OF  PULSE  CORONA 
INDUCED  CHEMICAL  PROCESSES* 


M.  Rea,  K.  Yan,  and  L.  SonagllonI 
Department  of  Bectricei  Engineering 
University  of  Padova,  ttafy 


Pulse  corona  is  a  suitable  means  for  generating  low  temperature  plasma  used  for 
inducing  chemical  reactions  leading  to  the  removal  of  gaseous  pollutants.  Eneigy  consumption  is 
a  key  factor  of  the  process  and  it  must  be  reduced  as  much  as  possible.  This  reduction  can  be 
achieved: 

i)  by  optimizing  the  energy  efficiency  of  the  circuit  used  for  producing  the  corona  disdiaige; 

ii)  by  enhancing  the  chemical  process  by  chain  reactimi  meduuiisms. 

The  optimization  of  the  energy  efficiency  in  producing  the  corona  discharge  process 
depends  on  the  type  and  design  of  the  pulse  voltage  generator  circuit  together  with  the 
electrode  arrangement. 

The  possibility  to  promote  a  chain  reaction  medianism  in  heterogeneous  phases  seems 
to  depend  an  the  achievable  power  density  of  the  pulse  corona  discharge,  which,  in  turn, 
depends  on  the  pulse  voltage  shape  and  electrode  arrangement 

The  paper  will  repent  on  the  results  of  a  recent  investigation  on  positive  pulse  corona 
discharge  in  wire-cylinder  and  wire-plate  electrcxle  arrangements  using  atmospheric  air.  The 
applied  voltage  was  formed  by  a  DC  base  voltage  on  which  ventage  pulse  of  very  short 
duration  were  superimposed.  Large  bandwidth  current  and  voltage  measurements  allowed  the 
determination  of  the  corona  power  functions  and  the  empirical  modeling  of  the  dynamic 
impedance  of  the  pulse  cemma  discharge. 

Criteria  for  optimizing  the  energy  efficiency  and  for  achieving  the  largest  pulse  corona 
discharge  power  density  are  also  presented. 

*This  work  has  been  partially  supported  by  ENEL-CRTN. 
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DESIGN  AND  INITIAL  TESTING  RESULTS  FROM  THE 
REPETITIVE  HIGH  ENERGY  PULSED  POWER  (RHEPP)  PROJECT* 

E.  L  Naau,  H.  C.  Harjas,  K.  W.  Read,  K.  J.  Penn, 

R.  W.  Wavrik,  D.  L  Johnson,  C.  R.  McClenahan,  and  K.  R.  Prestwich 

Sandia  National  Laboratories 
Albuquerque.  New  Meidco  87185  USA 


Pulsed  discharges  or  electron  beams  are  being  considered  for  disposing  of  many  types  of  gas 
pollutants.  Implementation  of  these  techniques  will  require  either  high  average  power  eletron 
beam  accelerators  or  high  average  power  pulse  generators.  In  the  RHEPP  Project,  we  are 
developing  a  technology  base  that  should  allow  fabrication  of  high  power  systems  with 
components  that  have  a  mean  time  between  failure  of  several  years  and  could  satisfy  these 
pollution  control  needs. 

The  RHEPP  module  consists  of  the  following  major  subsystems:  1)  a  multistage, 
rruignetically  switched,  pulse  compressor  that  has  an  input  from  a  120  Hz,  600  kW  alternator 
and  produces  250  kV,  1  ps  pulses  2)  a  60  ns  pulse  compression  unit  that  uses  magnetic  switches 
and  pulse  forming  lines  to  reduce  the  pulse  duratirm  from  1  ps  to  60  ns,  and  3)  a  25  MV,  a  10  stage 
inductive  voltage  adder  with  an  electron  beam  diode. 

The  first  phase  of  this  module  is  in  final  assembly.  In  this  phase,  400  kW  of  power  will  be 
produced  by  the  pulse  compression  units.  Forty  percent  of  this  power  will  be  delivered  to  a  4 
stage,  1  MV  adder  and  electron  beam  diode.  The  remaining  power  will  be  either  delivered  to  a 
resistor  or  be  available  for  experiments.  A  description  of  the  ^stem  and  test  results  from  the 
initial  stipes  of  the  pulse  compression  will  be  presented. 

*This  work  performed  at  Sandia  Natioruil  Laboratories  supported  by  the  U5.  Department  of 
Energy  under  Contract  No.  DE-AC04-76DP00789. 
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HIGH  AVERAGE  POWER  MODULATOR  AND  ACCELERATOR 
TECHNOLOGY  DEVELOPMENTS  AT  PHYSICS  INTERNATIONAL 

P.  SIncernay,  S.  Ashby,  J.  Sanford,  C.  Daanay,  G.  Frazlar, 

J.  Lavina,  J.  Maachum,  and  L.  Schlitt* 

Physics  International  Company 
2700  Merced  Street 
San  Leandro,  CaJifomia  94577  USA 


Pulsed  ^sterns  operating  at  high  average  power  have  applications  in  flue  gas  dean-up,  in 
redudng  greenhouse  gases,  in  atmospheric  modification,  in  medical  waste  processing  and  in 
water  treatment.  For  these  applications,  the  pulsed  power  system  can  be  the  driver  for  a  corona 
discharge,  an  electron  beam  diode,  a  bremsstrahlung  diode  or  microwave  cavity. 

At  Physics  International,  we  have  developed  a  state-of-the-art  modulator  and  accelerator 
as  a  microwave  source  but  similar  designs  can  be  used  for  pulsed  corona  or  electron  beam 
applications.  The  system  at  PI  is  called  the  compact  linear  induction  accelerator  (CLIA),  and 
its  operational  parameters  are  750  kV,  10  kA,  60  ns  and  200  Hz.  CLIA  was  designed  to  operate  in 
a  burst  mode  to  investigate  the  physics  of  high  repetition  rate  high  power  microwave  cavities 
and  it  has  been  demonstrated  to  run  at  250  Hz  for  a  second  and  for  50  seconds  at  100  Hz.  A  peak 
repetition  rate  of  1000  Hz  can  be  produced. 

The  CLIA  system  [1]  conasts  of  (from  the  load  back  to  the  mains)  a  ten-cell  linear  induction 
voltage  adder,  ten  magnetically  switched  water  insulated  pulse  forming  lines  (PFL's),  a  two- 
stage  Magnetic  Compression  Unit  (MCU),  and  thyratron-switched  Intermediate  Energy  Store 
GES),  and  Command  Resonant  Charge  (CRQ  units.  A  linear  induction  accelerator  system  was 
used  because  it  allows  all  pulse  compression  to  be  dcme  at  moderate  voltage  (40  to  150  kV)  and 
then  uses  the  accelerator  structure  to  add  parallel  voltage  pulses  into  a  single  high  voltage 
output  (750  kV).  Nowhere  except  at  the  load  does  a  voltage  of  higher  than  150  kV  appear. 
This  allows  the  switching  to  be  done  at  modnate  voltage  and  the  use  of  hydrogen  thyratrons 
and  magnetic  switches  is  possible.  CLIA  has  been  used  to  drive  L-band  magnetron  and 
relativistic  klystron  microwave  sources.  In  these  tests,  up  to  63  kW  of  average  microwave 
power  has  been  demonstrated  in  a  short  burst;  all  at  the  GW  peak  power  level.  [2] 

CLIA  is  the  ideal  technology  to  be  adapted  for  many  of  the  applications  listed  above.  For 
example,  focusing  on  flue  gas  conditioning,  CLIA  can  be  used  directly  to  produce  electron  beams 
for  flue  gas  irradiation  or  the  modulator,  and  MCU  can  be  adapted  for  the  pulsed  corona 
technique. 

The  pulsed  corona  technicpie  [3]  is  more  attractive  due  to  its  higher  efficiency,  lower  retrofit 
cost,  and  decreased  voltage/X-ray  safety  issues.  A  pulsed  corona  technique  will  also  allow 
smaller  modules  so  that  it  is  applicable  to  small  and  large  power  plants.  In  this  paper,  we  will 
present  designs  for  a  CUA  based  system  to  covct  the  range  of  parameters  for  the  pulsed  corona 
technique  that  is  100  to  200  kV,  few  hundred  Hz  RPF,  500  to  1000  J  per  pulse  and  <  1  (is 
pulsewidths.  These  can  be  covered  by  variations  in  the  MCU  and  the  use  of  PFL's  to  control  the 
pulsewidth.  We  will  also  discuss  the  tedmology  issues  associated  with  optimizing  the  pulsed 
corona  process,  and  constructing  such  a  high  average  power  system  with  long  lifetime  and  low 
lifecyde  costs.  Finally,  we  will  briefly  discuss  the  application  of  the  PI  CUA  technology  to 
other  environmental  processes. 
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‘Leland  Schlitt  of  Consulting  Services,  Livermore,  CA 

[1]  S.  Ashby  et  al,  "CLIA  -  a  compact  linear  induction  accelerator  system.”,  Proc.  of  Beams  92, 
(1992). 

[2]  N.  Aiello  et  al,  "High  Power  Microwave  Generation  at  High  Repetition  Rates.”,  Proc.  of 
Beams  92,  (1992). 

[3]  G.  Dinelli,  L  Civitano,  and  M.  Rea,  IEEE  Trans.  Ind.  Appl.  25,  535  (1990). 
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DEVELOPMENT  OF  THE  ELECTRON  BEAM 
DRY  SCRUBBING  OF  FLUE  GAS 
UTILIZING  HPTA  TECHNOLOGY 

Ralph  D.  Ganuarlo,  Shimona  Eckhouaa,  and  Jay  Ratlfla-Brown 
Science  Applications  International  Corporation 
1710  Goodridge  Drive 
McLean.  Virginia  22102  USA 


Large  coal  fired  facilities  contribute  sigrtificantly  to  add  rain  and  other  pollution  problems 
through  the  emission  of  SO2  and  NOx*  The  New  Clean  Air  Act  currently  mandates  significant 
reduction  in  SO2  and  will  probably  require  significant  NOx  reduction  after  1995.  Thus,  utilities 
whidi  rely  on  high  sulfur  coal  will  be  severely  affected. 

Electron  Beam  Dry  Scrubbing  (EBDS)  by  irradiation  of  flue  gases  is  the  most  promising 
method  for  simultaneous  removal  from  high  sulfur  coal  of  SO2  and  NOx  a  single  step.  It  is  a 
dry  process  whose  by-product  is  a  fertilizer  of  commerdal  value.  In  spite  of  recent  advances  in 
EBDS  technology  to  improve  process  effidency  and  by-produd  collection,  there  are  still 
significant  obstades  which  prevent  the  wide  scale  application  to  coal  fired  fadlities  -  the 
size,  cost,  and  average  power  of  current  electron  beam  tedmology. 

We  have  performed  a  conceptual  design  of  a  high  average  power  (15  MW)  electron  beam 
generator  using  the  High  Power  Transformer  (HPTA)  technology  that  satisfies  the  size,  cost 
and  average  power  requirements  for  the  EBDS  process.  We  developed  a  number  of  irmovative 
technical  solutiotts  to  the  design  problems  assodated  with  the  various  pulsed  power  subsystems 
to  arrive  at  a  reliable,  cost  effective,  high  power  generator.  We  will  discuss  the  electron  beam 
generator  requirements  and  design  issues  for  the  slow  power  conditioning  system,  the  saturable 
reactor  nradulators,  HPTA  and  electron  gun. 
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PARTICIPATION  OF  THE 

INSTITUTE  OF  NUCLEAR  PHYSICS  (NOVOSIBIRSK) 

IN  PROGRAMS  OF  ELECTRON  BEAM  FLUE  GAS  TREATMENT 
AND  DEVELOPMENT  OF  HIGH  POWER  ACCELERATORS 


R.  A.  Sallmov 

Inst^ute  of  Nuclear  Physics  (Novosawsk,  Russia) 
Ansaldo  (Italy) 


The  ELV  type  acceleratofs  of  our  Institute  have  found  applications  in  ecological  projects  due 
to  their  high  efficiency  and  desired  high  power.  Now  we  are  ready  to  deliver  high  voltage 
direct  current  (ELV>type)  accelerators  with  the  following  parameters: 

-  Energy  (E  =  02  -  25  MeV); 

-  Power  (P  =  100  kW); 

-  Current  G  100  mA). 

Table  1  lists  ecological  ELV-based  devices  that  are  operating  and  those  that  are  being 
developed: 

Table  1  Ecology  projects  based  on  ELV-type  accelerators 
OPERATIONAL: 


N 

Location 

Desigfution 

offtoject 

Type  of 
Installation 

Date  of 

Realization 

1 

Synthetic 
rubber  factory 
Voroneg,  Russia 

Treatment  of  waste  water 
with  surfactant 

Industrial 

1984 

2 

Metallurgy  plant 
Lipetsk,  Russia 

Development  of  tedmdogy 
for  purification  of  gases  from 
SO2  and  NOx 

Laboratory 

1988 

3 

Thermal  Power 
Station 

Kaweczyn-Warsaw 

Poland 

Development  of  technology 
for  purification  of  gases  from 
SO2  and  NOx 

Demonstra¬ 
tive,  experi¬ 
mental 

1990 

4 

Tin  plant 

Novosibirsk,  Russia 

Experimental 

industrial 

1991 

5 

NKK  Corp. 

Tokyo,  Japan 

Development  of  technology 
for  purification  of  gases  from 
SO2  and  NOx 

Experimental 

1992 
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UNDER  CONSTRUCTION: 


N 

Location 

Desigiution 

ofIVoiect 

Type  of 
Installation 

Date  of 
Realization 

1 

SAMSUNG  Heavy 
Industries  Co. 

Seoul,  Korea 

Development  of  ecology 
technologies 

Experimental 

1993 

2 

Electro  Power  Station 
Donbass,  Ukrania 

Cleaning  of  fume  gases  from 
SO2 

Experimental 

industrial 

1994 

3 

Sewage  w(wks 

Lebiage,  Russia 

Purification  of  waste  waters 

Experimental 

industrial 

7 

4 

Textile  mill  factory 
Riga,  Latvia 

Purification  of  waste  waters 
of  paint  production 

Industrial 

1993 

5 

Natural  gas  plant 
Orenburg  Russia 

Purification  of  natural  gas 
after  Klaus  installation 

Industrial 

? 

6 

City  sewage  works 
Petrodvorets,  Russia 

Purification  of  waste  waters 

Experimental 

industrial 

7 

For  industrial  plants,  200  kW  and  higher  accelerators  are  required.  At  present,  we  are 
developing  two  types  of  higher-power  accelerat<M«.  The  first  is  based  on  beam  extraction 
through  a  foil.  For  this  purpose,  an  extraction  device  with  two  f(^  windows  has  already  been 
designed.This  wUl  make  it  possible  to  extract  up  to  200  mA.  It  will  be  the  accelerator  whose 
design  is  typical  few  ELV  type  accelerators. 

In  the  second  accelerator  with  focused  beam  extraction,  diffeietial  pumping  is  used.  A 
high-voltage  rectifier  and  an  accelerating  tube  are  connected  by  a  high-voltage  feeder.  The 
accelerating  tube  is  introduced  in  the  longitudinal  magnetic  field,  low  at  the  cathode  and 
increasing  to  the  extraction  device.  The  results  which  were  already  reached  at  this  facility  are 
as  follows: 

E  =  600keV, 

P  =  360kW. 

However,  this  operational  mode  is  not  quite  stable.  Our  uigent  task  is  to  increase  the  power 
and  to  reach  the  stability  in  operation. 
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RESEARCH  TO  IMPROVE  THE  EFFICIENCY  OF  PULSED  POWER 
SWITCHES  AND  BEAMS  FOR  HIGH  AVERAGE  POWER  SYSTEMS 
FOR  POLLUTION  CONTROL 


M.  A.  Gundarsan,  T.  Y.  Hsu,  and  R.  L.  Llou 
University  of  Southern  California 
Los  Angeles.  CaHfomia  90069-0484  USA 


This  presentation  describes  research  activity  to  develop  improved,  efficient  pulsed  power 
switches  and  electron  beams  for  high  average  power  ^sterns.  Improved  efficiency  is  perhaps 
the  critical  issue  in  the  development  of  high  average  power,  long  life,  high  vcdtage  and  high 
current  systems  for  the  producticxi  of  coronal  discharges  and/or  electron  beams  for  pollution 
contrcd.  These  systems  must  operate  with  long  life,  require  miiuirud  nuunterunce,  and  work  well 
within  limits  related  to  the  fraction  of  produced  power  available  for  the  pollution  control 
system.  Such  systems  have  fundamental  efficiency  limits  resulting  ffom  ccMnponent  limitations  - 
and  the  effect  of  coitq>onent  limitations  cm  the  system  or  mcxlulator  ccmfiguration  -  an  example 
being  the  limitation  on  efficiency  derived  ffom  the  forward  drop  and  ccmunutation  losses  of  a 
switch,  and  the  additional  limitaticni  on  system  efficiency  resulting  frcrni  recpiired  additional 
components;,  such  as  transformers  or  iruignetic  pulse  compression,  necessary  to  achieve  desired 
vcdtages,  currents  and  pulse  shapes. 

In  order  to  develop  improved  devices,  we  have  1)  investigated  the  underlying  physics 
responsible  for  the  most  dissipative  aspects  of  the  device,  and  2)  applied  these  results  to  the 
development  of  improved  switches  and  beams.  The  most  important  physics  limitation  is  often 
the  cathcxle  emission  process. 

We  wiU  describe  three  devices;,  itKluding  a  plasma-based  pseudospark-type  pulsed  power 
switch,  a  hollow  cathode  electron  beam  source,  and  an  electron  source  based  on  a  super-emissive 
cathode.  In  addition,  the  physical  processes  responsible  for  the  remarkable  switching  and 
eirtission  properties  will  be  discussed. 

We  are  developing  a  new  plasma  switch  capable  of  making  pulsed  corona  discharge 
treatment  of  flue  gases  economically  and  technically  feasible.  The  switch  will  be  a  simplified 
design  of  the  superemissive  cathode  back  lighted  thyratron  (BLT)  or  pseudospark  switch  [1]. 
These  switches  have  demonstrated  high  voltage,  high  repetition  rate  characteristics  of 
thyratron  switches  while  operating  with  high  currents;  low  inductance  and  simple  structures 
characteristic  of  spark  gaps.  In  addition  the  BLT  switch  can  be  triggered  with  a  low,  -10  V 
electrical  pulse  or  optically  by  UV  light  sources.  This  switch  is  fundamentally  different  in 
operation  from  other  gaseous  discharge  switches,  such  as  thyratrcms,  hollow  cathode  switches, 
and  spark  gaps.  It  is  a  super-emissive  cathcxle  switch,  0(X)6ely  defined  as  one  which  prcxluces 
unifcnm  current  emission  ^10,000  A/cm^  from  a  macroscopic,  rather  than  microscopic  area  -1 
cm^)  origiiuiting  from  a  refractcny  metal,  hollow  electrode.  The  current  emission  characteristics 
are  very  large  in  comparison  with  conventicmal  heated  thermionic  cathcxles. 

The  physical  prcKess  resporwible  for  this  emission  indudes  two  important  phases.  The 
release  of  starting  electrons  inside  the  hollow  cathode  initiates  a  transient  hollow  cathcxle 
discharge.  Diuing  this  growth  phase  of  the  disdrarge,  before  the  plasma  is  fully  formed,  a 
transient  high  voltage  renuuns  across  the  electrodes,  and  an  electron  beam  is  produced  that 
passes  through  the  ancxle  aperture.  The  cathode  then  itudces  a  transition  to  a  different  phase. 
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the  superemissive  phase.  This  phase  has  extraordinary  emission  properties,  including 
production  of  current  densities  10^  to  lO®  A/on^,  generated  over  a  macroscopic  area  *1  cm^. 

The  hollow  cathode  plasma  can  be  controlled  for  applications  including  electron  sources  and 
beams.  These  beams  are  reported  to  have  kA  peak  currents  and  very  good  emittance  and 
brightness  properties  -  we  have  observed  55  mm-iru-ad  and  2x10^^  A-m‘2-rad‘2,  respectively  at 
20  kV  with  «1  kA  beam  current.  Variable  pulse-length  electron  beam  generation  was  achieved 
by  modification  of  circuit  parameters  that  control  the  hollow  cathode  discharge.  With  75 
mTorr  Ar  and  20  kV  applied  vdtage,  the  electron  beam  made  a  transition  through  two  distinct 
phases;  first  with  higher  current  and  fast-dera)ring  voltage  (from  20  kV  to  2  kV),  second  with 
lower  current  and  slowly-varying  voltage  («2  kV). 

A  robust,  high  current  electron  beam,  produced  opiating  in  the  superemissive  mode,  is  also 
to  be  discussed.  We  have  observed  super-emissive  electron  beam  current  of  >150  A,  with  electron 
energies  of  several  hundred  eV  and  the  electron  beam  has  the  duration  of  the  discharge  pulse. 
A  simple  differential  pumping  scheme  has  been  used  to  demonstrate  that  the  extraction  of 
electron  beam  into  low  presstue  (<7  mTorr)  or  vacuum  is  practical.  These  devices  are  simple, 
robust,  and  the  electron  sources  are  compatible  with  a  plasma  environment. 

[1]  K.  Frank,  H.  Boggasdi, ).  Christiansen,  A.  Goertler,  W.  Hartmam,  C.  Kozlik,  G.  Kirkman,  C. 
G.  Braun,  V.  Dominic,  M.  A.  Gundersen,  H.  Riege,  and  G.  Mechtersheimer,  "High  power 
pseudospark  and  BLT  switdtes,"  IEEE  Trans.  Plasma  Science  16  (2),  317  (1988). 
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POWER  CONDITIONING  FOR  EFFICIENT.  EFFECTIVE  REMOVAL  OF  NOx/SOx 
AND  TOXIC  MATERIALS  FROM  EFFLUENT  GASES 

G.  Klrkman,  N.  Reinhardt,  B.  Jiang,  J.  Hur,  and  J.  YampolakI 
Integrated  Applied  Physics  Inc. 

SO  Thayer  Road 

Waltham,  Massachusetts  02154  USA 


Pulsed  ccM'ona  discharge  treatment  of  flue  gases  for  effluent  control  has  the  potential  for 
effective  removal  of  SOx,  NOx  and  various  other  toxic  materials.  Pulsed  plasma  processing  has 
been  demonstrated  to  be  an  effective  method  for  removing  NOx,  SQx  and  soot  frc»n  power  plant 
effluent  gases  and  diesel  engine  exhaust,  with  a  key  issue  being  implementation  of  an  efficient, 
robust,  low  maintenance  pulsed  power  ^stem.  This  method  requires  repetitive  pulsed  power 
systems  whidi  have  been  difficult  or  expensive  to  operate,  ineffidenL  and  suffer  from  other 
limitations  as  well,  hence  are  a  key  limitation  to  the  feasibility  of  the  method.  A  robust, 
economical,  efficient  pulsed  power  method  is  described.  In  this  work  we  are  developing  novel 
pulse  modulator  concepts  with  higher  efficiency  and  more  reliable  construction.  The  approach 
is  based  on  a  new  innovation  in  repetitive  switching,  the  super«missive  cathcxie  switch  (SEC). 
The  SEC  switch  has  several  versions  including  the  pseudo^ark  and  the  bach  lighted  thyratron 
(BLT),  and  has  demonstrated  high  voltage,  high  repetition  rate  and  long  life  characteristics  of 
thyratron  switches  while  operating  at  higher  currents,  lower  inductance  and  simpler  structures 
that  are  robust  and  more  suitable  for  high  voltage  operation  in  industrial  applications.  The 
SEC  switch  based  modulators  will  be  more  efficient  and  economical  than  presently  available, 
rec]uiring  considerably  less  peripheral  circuitry.  Preliminaiy  results  of  this  modulator 
development  will  be  discussed  including  the  performance  of  this  type  of  modulator  at  the 
operatiiig  rec]uirements  specified  by  engineers  iiiq>)ementing  the  pulsed  coroiu  method. 
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The  Soweity  ResearOt  Centre 
FPC.30.  British  Aerospace  PLC 
FUton.  Bristol  BS12  7QW.  UK. 


Large  emitting  area,  pulsed,  moderate  repetition  rate  electron  beam  sources  are  potentially 
useful  in  gaseous  pollution  control  if  they  can  demrmstrate  suitable  longevity  and  reliability.  A 
multikilohertz  electnm  beam  source  is  now  described  which  has  a  potential  lifetime  of  at  least 
>  10^  shots  and  should  be  scalable,  in  terms  ol  cross  sectirmal  area  and  voltage.  This  device  was 
developed  for  an  x-ray  preioniser  for  incorporatirm  into  a  1  kW  output  power  industrial  exdmer 
laser.  At  present  the  source  duuacteristics  are:  emitting  area  1  cm  x  40  cm,  peak  voltage  90  - 100 
kV  (depending  on  diode  impedance),  current  density  - 10  A  cm’^,  electron  beam  risetime  100  ns 
with  FWHM  of  80  ns  and  maximum  repetition  rate  2A  kHz. 

The  device  is  a  highly  evolved  form  of  ccwona  plasma  cathode;  on  application  of  a  fast 
rising  voltage  pulse  across  two  electrodes  separated  by  a  solid  dielectric  a  cororui  discharge  is 
initiated  on  one  side  at  the  dielectric-vacuum-electrode  triple  point.  The  discharge  spreads  out 
across  the  dielectric  surface  removing  and  irmisir^  surface  materials  -  adsorbates,  dielectric  and 
electrode  material.  It  is  from  the  resultant  plasma  that  an  electron  beam  can  be  extracted  by 
means  of  an  acceleratir^  voltage.  In  order  to  adiieve  a  long  cathode  lifetime  the  contribution  of 
the  dielectric  and  electrodes  to  the  plasrrui  and  the  dielectric  stress  must  both  be  mirumised. 
This  is  achieved  by  using  a  low  plasma  generating  voltage,  cooling  the  dielectric;  using  low 
erosion  design  electrodes  and  careful  regulation  of  the  background  pressure  whidr  is  directly 
proportiorud  to  the  adsorption  rate  of  oil  and  water  vapours  etc 

The  driving  circuitry  consists  of  4  nF,  c(»iunand  charged  at  30  kV  and  thyratron  switdted 
into  a  V3S  turns  ratio  pulse  transformer.  The  output  from  this  is  taken  to  the  cathode  via  an 
oil/ vacuum  feedthrough.  The  whole  of  the  circuitry  is  inunersed  in  recirculating,  continuously 
cooled  (m1.  The  current  to  the  cathode  is  measured  using  a  coaxial  resistive  shunt  and  the 
voltage  by  a  differential  field  probe,  these  diagnostics  were  chosen  as  being  particularly 
suitable  for  monitoring  sustained  high  repetition  rate  operation. 

The  cathode  was  run  at  2  kHz  fw  28  hrs,  the  longest  omtinuous  run  being  5  hrs  and  then  the 
repetition  rate  was  raised  to  Z4  kHz  and  operation  maintained  for  a  further  6  hrs.  A  total  of 
23x10^  ^ots  was  accrued  and  then  the  system  examined  for  wear.  The  dielectric  surface  was 
slightly  roughened  but  no  measurable  erosion  (<  10  pm)  had  taken  place,  the  electrodes  were 
uniformly  worn  by  03  nun  along  their  length.  As  the  useful  electrode  width  in  the  present 
design  is  «  5  mm  the  present  lifetime  limit  was  estimated  to  be  3  -  4x10^  shots  (i.e.  500  hrs  at  2 
kHz,  5000  his  at  200  Hz). 

In  order  to  be  useful  in  gas  processing  the  electron  beam  voltage  should  be  2  300  kV  -  the 
cathode  should  be  capable  of  operating  at  these  potentials  given  a  suitable  driving  circuit. 
With  further  modifications  to  the  electrode  structures  even  longer  lifetimes  ought  to  be 
possible.  The  cathode  design  is  readily  scalable  and  so  this  type  of  electron  beam  generator 
could,  with  development,  become  a  viable  candidate  for  plasma  gaseous  pdlutant  control. 
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GENERATION  OF  ELECTRON  BEAM 
FOR  TECHNOLOGICAL  PROCESSES 

S.  P«kir«k  and  J.  Roaankranz 

Bectrotechnical  Faculty,  Czech  Technical  University,  Prague 
Technicka  2,  166  27  Prague  6,  Czechosiovalda 


The  results  of  the  experimental  study  of  the  election  beam  generated  by  a  plane  cathode  in 
the  high-voltage  glow  disdiaige  [1-3]  are  summarized  in  this  paper.  The  aim  of  our  woric  was 
to  obtain  information  about  the  electron  beam  whidt  could  be  used  for  the  optimization  of  the 
electrode  system  for  new  technological  processes  decreasing  the  negative  impact  of  Hagsirgl 
technologies  on  the  environment. 

All  the  experiments  were  performed  in  air  atmosphere  in  pressures  of  several  Pascals. 

The  electron  beam  was  emitted  by  the  plane  cathode  cooled  by  water.  The  anode  (the 
copper  target  cooled  by  water)  served  as  a  collector  of  electrons.  Diuing  some  measurements,  the 
central  electrcxle  (copper  tube  8  nun  in  diameter  cooled  by  the  water  flowing  through  it)  was 
used  to  replace  the  annealed  wire.  However,  the  majority  of  the  measurements  were  performed 
without  it. 

The  cathode  was  made  with  an  aluminum  cylinder  with  the  circular  groove  of  radius  255 
nun  milled  in  it.  The  cathode  was  surrounded  by  the  steel  shielding  whidt  was  not  grounded. 

The  material  of  the  cathode  emitting  surface  has  the  decisive  influence  on  the  volt-ampere 
charadeiistics  of  the  disdtaige;  this  fact  is  caused  by  the  dependence  of  the  secondary  entission 
coeffident  y  on  the  material  of  the  cathode.  In  experiments  described  here  the  cathodes  from 
aluminum,  copper  and  steel  were  studied;  for  the  coeffidents  y  of  these  ntaterials  the  relation 
holds 


Yai  >YFc>YCu 

From  the  experimental  results  it  is  obvious  that  the  aluminum  is  the  most  suitable  material 
for  the  cathode. 

The  main  objective  of  our  experiments  was  to  determine  the  shape,  the  geometrical 
dimensions  and  the  focal  distance  of  the  electrcm  beam.  To  realize  iL  the  probing  of  the  electron 
beam  by  the  thermocouple  probe  and  current  probe  has  been  used.  The  obtained  results  have 
been  also  compared  with  the  photographs  of  the  beam. 

As  it  follows  from  the  obtained  experimental  results,  both  methods  of  probing  the  beam 
could  be  used  when  the  shape  and  the  focal  distance  of  the  eledron  beam  from  the  plane 
cathode  are  to  be  determined. 

[1]  S.  Pekdrek,  H.  Lonekovz,  and  J.  Rosenkranz,  Czech.  /.  Pkys.  631,  888,  (1981). 

[2]  S.  Pekirek,  H.  Lonekova,  and  }.  Rosenkranz,  Proceedings  of  the  International  Conference  on 
Plasma  Science  and  Technology  (1986),  Beijing,  China. 

[3]  J.  J.  Rocca  et  al,  J.  Appl.  Phys.  56 , 3,  (1984). 
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DC  GLOW  DISCHARGE  WITH  FAST  GAS  FLOW  FOR  FLUE  GAS  PROCESSING 

Anatoly  Napartovieh 

Troitsk  Kurchatov  Research  InstitiAe,  Russia 

DC  glow  discharge  in  an  air  flow  is  known  to  be  sustained  at  a  pressure  usually  not  higher 
than  70  Torr.  ^  creating  special  electrode  configuration  we  realized  a  dc  glow  discharge  at  an 
air  pressure  up  to  2  atm.  Having  this  disdtaige  it  is  of  great  interest  to  employ  it  to  the  problem 
of  control  of  harmful  pollutants  in  a  flue  gas. 

Measurements  of  electric  discharge  dtaracteristics  demonstrated  that  most  part  of  electric 
current  is  carried  by  electrons.  Electrons  have  an  average  energy  of  the  order  (2-5)  eV.  Hence  the 
effectivity  of  this  discharge  in  producing  chemically  active  species  like  atoms  and  radicals  is 
high  enough.  An  average  electric  power  density  in  the  disdiarge  under  investigation  is  about 
two  orders  of  magnitude  higher  than  in  barrio'  or  corotui  disdiarge. 

To  verify  this  discharge  as  an  efficient  source  of  the  chemically  active  species  the  special 
experiments  were  carried  out.  We  had  employed  our  disdrarge  in  the  dried  air  to  produce  the 
ozone  which  has  many  applications  in  industry  as  the  very  strong  oxidizer.  The  ozone 
concentration  produced  in  the  discharge  reached  the  value  0.05%  at  the  energy  cost  12  kWh  per 
kg  of  ozone  (or  21.6  eV/mol). 

The  capability  of  the  discharge  to  adivate  the  gas  was  drecked  also  by  its  effedivity  to 
oxidize  some  hydrocarbons  like  butane  or  propane.  The  experiment  demorrstrated  that  the 
energy  cost  for  this  process  in  the  discharge  is  the  third  of  that  for  the  thermal  oxidatiem. 

The  experiments  for  air  deaning  from  SO2  were  carried  out  on  a  laboratory  scale  installation 
with  an  artificial  gas.  This  gas  consist  of  humid  air  (with  variable  humidity)  and  small 
spedal  admixtures  SO2  and  NH3.  SO2  removal  effidency  up  to  20%  was  achieved  without 
NH3  ir^ection  for  initial  SO2  concentration  1000  ppm  at  the  reduced  energy  deposition  30  )/g.  By 
injection  of  stoichometric  of  arrunonia  the  whole  removal  effidency  was  obtained  up  to  %%. 

The  processes  of  plasmas  assisted  NO  removal  were  studied  on  the  flow  of  the  real  stad(  gas  at 
the  output  of  the  local  boiler  fired  by  the  natural  gas.  This  flow  did  not  contain  a  measurable 
amount  of  S02  and  the  concentration  of  nitrogen  oxides  equalled  to  65-75  ppm.  The  NO  removal 
effidency  was  studied  as  a  function  of  the  gas  flow  velodty,  the  energy  deposition,  the 
moisture  content  and  ammonia  concentration.  The  NO  removal  effidency  up  to  70%  was 
adiieved  at  the  reduced  energy  deposition  40  }/g. 

So,  the  results  of  SO2  and  NO  removal  from  a  polluted  gas  by  dc  glow  disdtarge  treatment 
demonstrated  this  method  to  be  very  promised  for  industrial  applications. 

In  this  talk  the  results  of  modeling  of  this  disduuge  in  a  dry  air  will  be  presented.  The  role 
of  electronegative  components  in  the  mixture  will  be  discussed. 
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